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PREFACE 


The  International  Library  of  Technology  is  the  outgrowth 

of  a  large  and  increasing  demand  that  has  arisen  for  the 

Reference  Libraries   of   the   International   Correspondence 

Schools  on  the  part  of  those  who  are  not  students  of  the 

X  Schools.     As  the  volumes   composing  this  Library  are  all 

^  printed  from  the  same  plates  used  in  printing  the  Reference 

'^  Libraries    above   mentioned,    a   few  words    are    necessary 

regarding  the  scope  and  purpose  of  the  instruction  imparted 

to  the  students  of — and  the  class  of  students  taught  by — 

"^^  these  Schools,  in  order  to  afford  a  clear  understanding  of 

^  their  salient  and  unique  features. 

The  only  requirement  for  admission  to  any  of  the  courses 
offered  by  the  International  Correspondence  Schools,  is  that 
the  applicant  shall  be  able  to  read  the  English  language  and 
to  write  it  sufficiently  well  to  make  his  written  answers  to 
the  questions  asked  him  intelligible.  Each  course  is  com- 
plete in  itself,  and  no  textbooks  are  required  other  than 
those  prepared  by  the  Schools  for  the  particular  course 
selected.  The  students  themselves  are  from  every  class, 
trade,  and  profession  and  from  every  country;  they  are, 
almost  without  exception,  busily  engaged  in  some  vocation, 
and  can  spare  but  little  time  for  study,  and  that  usually 
outside  of  their  regular  working  hours.  The  information 
desired  is  such  as  can  be  immediately  applied  in  practice,  so 
that  the  student  may  be  enabled  to  exchange  his  present 
vocation  for  a  more  congenial  one,  or  to  rise  to  a  higher  level 
in  the  one  he  now  pursues.  Furthermore,  he  wishes  to 
obtain  a  good  working  knowledge  of  the  subjects  treated  in 
the  shortest  time  and  in  the  most  direct  manner  possible. 

•  •  • 
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In  meeting  these  requirements,  we  have  produced  a  set  of 
books  that  in  many  respects,  and  particularly  in  the  general 
plan  followed,  are  absolutely  unique.  In  the  majority  of 
subjects  treated  the  knowledge  of  mathematics  required  is 
limited  to  the  simplest  principles  of  arithmetic  and  mensu- 
ration,  and  in  no  case  is  any  greater  knowledge  of  mathe- 
matics needed  than  the  simplest  elementary  principles  of 
algebra,  geometry,  and  trigonometry,  with  a  thorough, 
practical  acquaintance  with  the  use  of  the  logarithmic  table. 
1^0  effect  this  result,  derivations  of  rules  and  formulas  are 
omitted,  but  thorough  and  complete  instructions  are  given 
regarding  how,  when,  and  under  what  circumstances  any 
particular  rule,  formula,  or  process  should  be  applied ;  and 
whenever  possible  one  or  more  examples,  such  as  would  be 
likely  to  arise  in  actual  practice — together  with  their  solu- 
tions— are  given  to  illustrate  and  explain  its  application. 

In  preparing  these  textbooks,  it  has  been  our  constant 
endeavor  to  view  the  matter  from  the  student's  standpoint, 
and  to  try  and  anticipate  everything  that  would  cause  him 
trouble.  The  utmost  pains  have  been  taken  to  avoid  and 
correct  any  and  all  ambiguous  expressions — both  those  due 
to  faulty  rhetoric  and  those  due  to  insufficiency  of  statement 
or  explanation.  As  the  best  way  to  make  a  statement, 
explanation,  or  description  clear  is  to  give  a  picture  or  a 
diagram  in  connection  with  it,  illustrations  have  been  used 
almost  without  limit.  The  illustrations  have  in  all  cases 
been  adapted  to  the  requirements  of  the  text,  and  projec- 
tions and  sections  or  outline,  partially  shaded,  or  full-shaded 
perspectives  have  been  used,  according  to  which  will  best 
produce  the  desired  results.  Half-tones  have  been  used 
rather  sparingly,  except  in  those  cases  where  the  general 
effect  is  desired  rather  than  the  actual  details. 

It  is  obvious  that  books  prepared  along  the  lines  men- 
tioned must  not  only  be  clear  and  concise  beyond  anything 
heretofore  attempted,  but  they  must  also  possess  unequaled 
value  for  reference  purposes.  They  not  only  give  the  maxi- 
mum of  information  in  a  minimum  space,  but  this  infor- 
mation is  so  ingeniously  arranged  and  correlated,  and  the 
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indexes  are  so  full  and  complete,  that  it  can  at  once  be 
made  available  to  the  reader.  The  numerous  examples  and 
explanatory  remarks,  together  with  the  absence  of  long 
demonstrations  and  abstruse  mathematical  calculations,  are 
of  great  assistance  in  helping  one  to  select  the  proper  for- 
mula, method,  or  process  and  in  teaching  him  how  and  when 
it  should  be  used. 

The  first  portion  of  this  volume  is  devoted  to  the  funda- 
mental principles  of  electricity  and  magnetism,  which  form 
the  foundation  of  electrical  engineering.  Every  effort  has 
been  made  to  make  the  text  clear  and  to  cover  the  ground 
completely.  Ohm's  law,  with  its  modifications  and  its  appli- 
cations, is  treated  at  length.  The  methods  of  producing 
an  electromotive  force  are  fully  described.  The  magnetic 
circuit  and  the  interaction  of  currents-  and  magnetic  fields 
are  fully  explained.  The  subject  of  batteries  has  received 
special  attention.  One  section  is  provided  that  treats  of 
chemistry  and  electrochemistry,  and  furnishes  the  necessary 
instruction  for  a  clear  understanding  of  the  action  of  bat- 
teries, which  are  described  and  illustrated  in  the  section 
on  Primary  Batteries.  The  modern  types  of  apparatus  used 
in  electrical  measurements  are  well  illustrated  and  their 
action  explained.  Numerous  tests  are  given  for  making 
these  measurements,  as  well  as  for  determining  the  mag- 
netic properties  of  iron. 

The  method  of  numbering  the  pages,  cuts,  articles,  etc. 
is  such  that  each  subject  or  part,  when  the  subject  is  divided 
into  two  or  more  parts,  is  complete  in  itself;  hence,  in  order 
to  make  the  index  intelligible,  it  was  necessary  to  give  each 
subject  or  part  a  number..  This  number  is  placed  at  the 
top  of  each  page,  on  the  headline,  opposite  the  page  number; 
and  to  distinguish  it  from  the  page  number  it  is  preceded  by 
the  printer's  section  mark  (§).  Consequently,  a  reference 
such  as  §  16,  page  26,  will  be  readily  found  by  looking  along 
the  inside  edges  of  the  headlines  until  §  16  is  found,  and 
then  through  §  16  until  page  26  is  found. 

International  Textbook  Company 
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ELECTRICITY  AND  MAGNETISM 


INTRODUCTION 

1.  Electricity  is  the  name  given  to  the  cause  of  all 
electrical  phenomena.  The  word  is  derived  from  a  Greek 
word  meaning  amber ^  that  substance  having  been  observed 
by  the  Greeks  to  possess  peculiar  properties  that  we  now 
understand  to  be  due  to  electricity. 

\ltKough  electrical  science  has  advanced  sufficiently  far 
to  recognize  the  fact  that  the  exact  nature  of  electricity  is 
unknown,  yet  recent  research  tends  to  demonstrate  that  all 
electrical  phenomena  are  due  to  a  peculiar  strain  or  stress 
of  a  medium  called  ether;  that  when  in  this  condition  the 
ether  possesses  potential  energy  or  capacity  for  doing  work, 
as  is  manifested  by  attractions  and  repulsions,  by  chemical 
decomposition,  and  by  luminous,  heating,  and  various  other 
effects.  We  do  not  know  what  electricity  is ;  we  only  know 
the  effects  due  to  it  and  the  laws  that  it  follows. 

2.  Ether  is  a  medium  having  the  properties  of  matter 
of  infinitely  small  density.  All  space,  including  the  most 
complete  vacuum,  the  space  between  the  planets  and  the 
stars,  as  well  as  the  interstices  in  the  hardest  crystal  and 
the  heaviest  metal — in  short,  matter  of  every  kind — is  per- 
meated by  ether.  It  is  comparable  to  an  all-pervading  jelly 
of  almost  perfect  elasticity.  An  electrical  disturbance  pro- 
duces a  strain  in  this  all-pervading  jelly,  or  sets  it  in  rapid 
vibration,  thereby  producing  waves  that  travel  through 
space  and  pass  from  one  body  to  another  with  the  velocity 
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of  light.  When  these  waves  in  the  ether  reach  a  body 
capable  of  being  excited  by  these  particular  waves,  their 
motion  is  imparted  to  the  molecules  of  that  body,  which  in 
their  turn  begin  to  vibrate;  that  is,  the  body  becomes  elec- 
trically excited  or  electrified. 

Light,  heat,  electricity,  and  magnetism  are  all  supposed 
to  be  transmitted  through  space  by  some  active  condition  of 
the  ether,  either  in  the  form  of  longitudinal  or  of  horizontal 
vibrations.  If  a  bell  is  vibrating  in  a  glass  vessel,  the 
sound  can  be  heard  from  the  outside;  but  if  the  vessel  is 
put  in  communication  with  an  air  pump  and  exhausted,  the 
sound  grows  fainter  and  fainter  as  the  vacuum  increases, 
showing  that  the  sound  needs  the  air  for  its  transmission. 
A  magnet  enclosed  in  a  glass  vessel  is  just  as  active  when 
the  vessel  is  exhausted  as  when  it  is  not.  The  filament  of 
an  incandescent  lamp,  although  it  glows  in  a  vacuum,  is 
visible  from  the  outside  of  the  globe,  proving  that  air  is  not 
necessary  for  the  transmission  of  light. 

Furthermore,  the  sun's  rays  of  heat  and  light  are  trans- 
mitted through  space,  a  large  portion  of  which  must  be 
devoid  of  air  or  other  matter.  It  has  also  been  noticed  that 
an  increase  in  the  number  of  visible  spots  on  the  surface  of 
the  sun  has  a  marked  influence  on  magnetic  needles,  prov- 
ing that  the  force  of  magnetism  also  travels  through  an 
apparently  empty  space.  We  must  imagine  the  ether  as  all- 
pervading,  as  not  alone  surrounding  material  bodies,  but 
penetrating  through  their  interiors;  that  it,  in  fact,  encircles 
the  smallest  particles,  even  the  molecules  and  atoms. 

Formerly,  the  phenomena  of  heat,  light,  magnetism,  and 
electricity  were  all  supposed  to  be  actions  of  fluids;  even 
today  we  speak  of  currents  of  electricity.  This  must  not 
be  taken  too  literally.  It  is  more  than  likely  that  there 
is  no  flow  existing,  but  simply  a  vibratory  action.  For 
instance,  we  do  not  speak  of  a  current  of  heat ;  when  we 
therefore  speak  of  electricity  as  flowing,  it  is  done  more 
because  of  the  facility  it  offers  to  explain  the  action  of  the 
various  phenomena  than  because  of  a  belief  in  the  actual 
existence  of  a  current. 
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3.  In  all  probability,  electricity  is  not  a  form  of  matter^ 
because  it  does  not  possess  most  of  the  ordinary  properties 
of  matter.  Electricity  itself  is  not  a  form  of  energy,  though 
energy  may  be  necessary  to  move  it  under  certain  conditions, 
and  electricity  in  motion  is  capable  of  performing  work. 

Electrical  science  is  founded  on  the  effects  produced  by 
the  action  of  certain  forces  on  matter,  and  all  knowledge 
of  the  science  is  deduced  from  these  effects.  The  study  of 
the  fundamental  principles  of  electricity  is  an  analysis  of  a 
series  of  experiments  and  the  classification  of  the  results  in 
each  particular  case  under  general  laws  and  rules.  It  is  not 
necessary  to  keep  in  mind  any  hypothesis  of  the  exact  nature 
of  electricity ;  its  effects  and  the  laws  that  govern  them  are 
quite  similar  to  those  of  well-known  mechanical  and  natural 
phenomena,  and  will  be  best  understood  by  comparison. 

4.  Electricity  may  either  appear  to  reside  on  the  sur- 
face of  bodies  as  a  cliarji^e,  or  to  flow  through  the  substance 
or  on  the  surface  of  a  body  as  a  current. 

That  branch  of  the  science  that  treats  of  charges  on  the 
surface  of  bodies  is  termed  electrostatics^  and  the  charges  are 
said  to  h^  electrostatic^  or  simply  static^  charges  oi  electricity. 

Electrodynamics  is  that  branch  which  treats  of  the  action 
of  electric  currents. 


UNITS 


FUNDAMENTAL  UNITS 

6.  The  electrical  and  magnetic  units  are  based,  as  will 
be  shown  later,  on  the  three  fundamental  units  of  mass^ 
lengthy  and  time.  They  are,  therefore,  absolutely  indepen- 
dent of  all  other  considerations,  and  the  system  that  they 
form  is  hence  termed  the  system  of  absolute  units. 

These  fundamental  units  are,  respectively : 

1.  The  centimeter  as  the  unit  of  length. 

2.  The  gra7n  as  the  unit  of  mass. 

3.  The  second  as  the  unit  of  time. 
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This  system  is  more  often  termed  the  centlmeter-grram- 
second  system,  and  is  written  C.  G.  8.  system. 

6.  The  centimeter  was  originally  intended  to  repre- 
sent exactly  jxriFirirVorKrB^  ^^  ^^®  distance  from  the  pole  to  the 
equator  along  the  surface  of  the  earth.  As  a  matter  of 
fact,  the  centimeter  is  ^J^  of  a  standard  meter  rod  preserved 
in  Paris  and  is  equal  to  .3937  inch.  Hence,  1  inch  equals 
2.54  centimeters,  nearly. 

7.  The  unit  of  mass,  or  quantity  of  matter,  is  thegrram. 
It  is  the  one-thousandth  part  of  the  mass  of  a  standard 
weight  preserved  in  Paris  and  was  originally  supposed  to 
represent  the  quantity  of  matter  contained  in  a  cubic  centi- 
meter of  pure  water  at  the  temperature  of  its  maximum 
density,  which  is  3.9°  C,  or  39°  F.  As  a  matter  of  fact,  the 
gram  is  equal  in  weight  to  15.432  grains,  or  453.6  grams  is 
equal  to  1  pound. 

8.  The  unit  of  time  is  the  second,  and  represents 
TrtTTTT  P^^^  ^^  ^  mean  solar  day. 


SECOJTDARY  UNITS 

9.  The  secondary  units  derived  from  these  fundamental 
units  are  defined  as  follows: 

10,  The  unit  of  area  is  the  square  centimeter,  and  is 
the  area  contained  in  a  square  each  of  whose  sides  is  1  cen- 
timeter in  length.  1  square  centimeter  equals  .155  square 
inch;  1  square  inch  equals  6.452  square  centimeters. 

!!•     The  unit  of  volume  is  the  cubic  centimeter,  and  is 

the  volume  contained  in  a  cube  each  of  whose  edges  is  1  cen- 
timeter in  length.  1  cubic  centimeter  equals  .06102  cubic 
inch;  1  cubic  inch  equals  16.387  cubic  centimeters. 

12.  The  unit  of  velocity,  or  the  rate  at  which  a  body 
moves  from  one  position  to  another,  is  defined  as  the  veloc- 
ity of  a  body  moving  through  unit  distance  (1  centimeter) 
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in  unit  time  (I  second).     The  unit  of  velocity  is,  therefore, 
1  centimeter  i>ep  second. 

Note. — The  word  per  in  such  expressions  denotes  that  the  quantity 
named  before  it  is  to  be  divided  by  the  quantity  named  after  it.  Thus, 
to  compute  the  velocity  in  centimeters  per  second,  divide  the  number 
of  centimeters  by  the  number  of  seconds. 

13,  The  unit  of  acceleration  is  that  acceleration  which 
imparts  unit  velocity  to  a  body  in  unit  time,  or  an  accelera- 
tion of  1  centimeter-pep-second  per  second.  The  accel- 
eration due  to  gravity  imparts  in  1  second  a  velocity 
considerably  greater  than  this,  for  the  velocity  it  imparts  to 
falling  bodies  is  about  981  centimeters  (or  about  32.2  feet) 
per  second.  The  value  differs  slightly  in  different  latitudes. 
At  New  York  City  the  acceleration  of  gravity  is^=  980.26; 
at  the  equator,  ^  =  978.1. 

14,  The  unit  of  force  is  the  dyne,  and  is  that  force 
which,  acting  on  a  mass  of  1  gram  for  1  second,  gives  to  it 
a  velocity  of  1  centimeter  per  second. 

16,  The  unit  of  work  is  the  erg,  and  is  that  amount  of 
work  performed  when  a  force  of  1  dyne  is  overcome  through 
a  distance  of  1  centimeter;  that  is,  the  work  done  in  push- 
ing a  body  through  a  distance  of  1  centimeter  against  a 
force  of  1  dyne ;  the  imit  of  work,  the  erg,  therefore  equals 
1  dyne-centimeter. 

16.  The  unit  of  energy  is  also  the  erg: ;  for  the  energy 
of  a  body  is  measured  by  the  work  it  can  do.  The  imit  of 
energy,  the  erg,  is  therefore  also  1  dyne-centimeter. 

17.  The  unit  of  power  has  no  particular  name  in  the 
C.  G.  S.  system.  It  is  defined  as  the  rate  of  doing:  \vork, 
and  is  hence  equal  to  1  erg:-per-8econd. 

18.  The  unit  of  heat,  called  the  g:ram-calor5',  is  the 
amount  of  heat  required  to  raise  the  temperature  of  1  gram 
of  water  1°  C.  The  unit  of  heat,  called  the  kllog:ram-calory, 
is  the  amount  of  heat  required  to  raise  the  temperature  of 
1  kilogram  of  water  1°  C.  Evidently,  1  kilogram-calory 
=  1,000  gram-calories. 


6  ELECTRICITY  AND  MAGNETISM  §  1 

ELECrrRICAL.  UNITS 

19.  Unfortunately  there  are  two  distinct  systems  of 
electrical  units,  'one  called  electronia^netic  units  and  the 
other  electrostatic  units.  The  electromagnetic  units  are, 
moreover,  subdivided  into  what  are  called  absolute,  or 
C.  G.  S.,  units  and  practical  luilts,  the  practical  unit« 
being  merely  some  power  of  10  times  the  C.  G.  S.  unit. 
Thus,  the  practical  unit  of  electromotive  force  is  10"  times 
as  large  as  the  C.  G.  S.  electromagnetic  unit  of  electro- 
motive force.  Fortunately,  however,  the  practical  elec- 
trician seldom  if  ever  needs  to  use  any  other  than  the 
practical  electromagnetic  and  magnetic  units.  The  electro- 
magnetic system  is  derived  from  the  force  exerted  between 
two  magnet  poles,  and  the  electrostatic  system  from  the 
force  exerted  between  two  electrostatic  charges  or  quan- 
tities of  electricity. 


MAGNETIC  ITNITS 

20,  There  are  a  number  of  magnetic  units  used  in  con- 
nection with  the  electromagnetic  units.  The  magnetic  units 
are  derived  from  the  force  exerted  between  two  magnet  poles. 
These  units  are  all  C.  G.  S.  units,  and  only  a  few  of  them 
have  been  given  specific  names,  such  as  the  maxwell  and 
gauss.  All  electrical  and  magnetic  units  have  been  derived 
from  the  fundamental  units  of  length,  mass,  and  time. 


PRACTICAL  UNITS 

21,  Several  of  the  absolute,  or  C.  G.  S.,  units  would  be 
inconveniently  large  and  others  inconveniently  small  for 
practical  use.  The  practical  units  have  therefore  been 
adopted  and  named  after  distinguished  men  of  science,  such 
as  Ampere,  Coulomb,  Volta,  Ohm,  Joule,  and  Watt.  The 
various  units  will  be  explained  as  they  naturally  occur  and 
will  finally  be  collected  into  a  table. 
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ELECTROSTATICS 


STATIC  CHARGES 

22*  When  a  glass  rod  or  a  piece  of  amber  is  rubbed  with 
silk  or  fur,  the  parts  rubbed  have  the  property  of  attracting 
light  particles  of  matter,  such  as  pieces  of  silk,  wool,  feathers, 
gold  leaf,  pith,  etc.,  which,  after  momentary  contact,  are 
repelled.  These  attractions  and  repulsions  are  caused  by  a 
static  charge  of  electricity  residing  on  the  surface  of  those 
bodies.     A  body  in  this  condition  is  said  to  be  electrified. 

23.  A  better  experiment  for  demonstrating  this  action  is 
to  suspend  a  small  pith  ball  by  a  silk  thread  from  a  support 
or  bracket,  as  shown  in  Fig.  1. 
This  apparatus  is  sometimes  called 
an  electric  pendulum.  If  a  static 
charge  of  electricity  be  developed 
on  a  glass  rod  by  rubbing  it  with 
silk,  and  the  rod  be  brought  near 
the  pith  ball,  the  ball  will  be  at- 
tracted to  the  rod,  but,  after 
momentary  contact,  will  be  Re- 
pelled. By  this  contact,  the  ball 
receives  a  charge  of  the  same 
nature  as  that  on  the  glass  rod, 
and  as  long  as  the  two  bodies 
retain  their  charges,  mutual  repulsion  will  take  place  when- 
ever they  are  brought  near  each  other.  If  a  stick  of  sealing 
wax,  electrified  by  being  rubbed  with  fur,  is  brought  near 
another  pith  ball,  the  same  results  will  be  produced,  that  is, 
the  ball  will  fly  toward  the  sealing  wax  and  after  contact  will 
be  repelled.  But  the  charges,  respectively,  developed  in  these 
two  cases  are  not  of  exactly  the  same  character.  For,  if  after 
the  pith  ball  in  the  first  case  has  been  touched  with  the  glass 
rod  and  repelled,  the  electrified  sealing  wax  be  brought  in 
the  vicinity,  attraction  takes  place  between  the  pith  ball 
and  the  sealing  wax.     On  the  other  hand,  if  the  pith  ball  be 
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charged  with  the  electrified  sealing  wax,  the  pith  ball  will  be 
repelled  by  tlie  sealing  wax  and  attracted  by  the  glass  rod. 

24,  We  have,  therefore,  to  distinguish  between  two  kinds 
of  electrification,  and  to  make  this  distinction  definite,  the 
following  designations  have  been  adopted : 

An  electric  charge  developed  on  glass  by  rubbing  it  with 
silk  has  been  termed  a  i>osltlve  chargre  (+),  and  that 
developed  on  resinous  bodies  by  friction  with  flannel  or  fur 
a  neg^ative  cliai^e  (— ). 

26.  Neither  charge  is  produced  alone,  for  there  is  always 
an  equal  quantity  of  both  charges  produced,  one  charge 
appearing  on  the  body  rubbed  and  an  equal  amount  of  the 
opposite  charge  on  the  rubber. 

26.  The  intensity  of  the  charge  developed  by  rubbing 
the  two  substances  together  is  independent  of  the  actual 
amount  of  friction  that  takes  place  between  the  bodies. 
For,  in  order  to  obtain  the  highest  possible  degree  of  elec- 
trification from  two  dissimilar  substances,  it  is  only  neces- 
sary to  bring  every  portion  of  one  surface  into  intimate 
contact  with  every  particle,  or  every  portion,  of  the  other 
surface ;  when  this  is  done,  no  extra  amount  of  rubbing  can 
develop  any  greater  charge  on  either  substance. 

27.  From  these  experiments  are  derived  the  following 
laws: 

JV/ien  two  dissimilar  substances  are  placed  in  contact,  one 
of  them  ahvays  assumes  the  positive  and  the  other  the  nega- 
tive condition,  although  the  amount  may  sonutimes  be  so  small 
as  to  render  its  detection  very  difficult. 

Bodies  electrified  with  similar  charges  are  mutually  repel- 
lent, while  bodies  electrified  with  dissimilar  cliarges  are  mutu- 
ally attractive, 

28.  Table  I  gives  a  list  called  the  electric  series,  where 
the  substances  are  arranged  in  such  order  that  each  receives 
2i  positive  charge  when  rubbed  with  any  of  the  bodies  follow- 
ing, and  a  negative  charge  when  rubbed  with  any  of  those 
that  precede  it.* 
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*  THE  ELECTRIC  SBBIES 

1.  Fur  6.  Cotton  11.   Sealing  wax 

2.  Flannel  7.   Silk  13.   Resins 

3.  Ivory  8.  The  body  13.   Sulphur 

i.  Crystals  9.   Wood  14.   Gutta  percha 

5.  Glass  10.   Metals  15.  Guncotton 

For  example,  glass  when  rubbed  with  fur  receives  a  nega- 
tive harge,  but  when  rubbed  with  silk  receives  a  positive 
charge. 

ELECTROSTATIC  ISSTBUMENTS 

39.    Gold-IJeaf  Electroscope. — The  electroscope  is  an 

instrument  for  detecting  static  charges  of  electricity  and  for 

determining  their  condition,  whether  positive  or  negative; 

but  not  for  measuring 

the     intensity    of     the 

charges.     The  pith  ball 

suspended     by     a    silk 

thread  acts  as  a  simple 

electroscope. 

A  more  sensitive  in- 
strument, known  as 
the  gfoM-leaf  e  I  e  c  <- 
troscope,  is  shown  in 
Fig.  2.  It  consists  of 
two  gold  leaves  a  sus- 
pended in  a  glass  jary, 
which  serves  to  protect 
them  from  drafts  of  air  ''"'■  * 

and  to  support  them  from  contact  with  the  earth.  The 
gold  leaves  a  are  supported  side  by  side  in  the  jar  by  a  brass 
rod  or  wire  x,  that  passes  through  a  glass  tube  6,  which  in 
turn  passes  through  a  cork  in  the  mouth  of  the  jar.  The 
upper  end  of  the  brass  rod  is  fastened  to  a  flat  metallic 
plate,  or  disk  c. 
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This  instrument  can  be  made  to  show  not  only  whether  a 
body  is  electrified  or  not,  but  also  to  show  the  kind  of  elec- 
tricity with  which  a  body  is  charged.  • 

Let  us  rub  a  glass  rod  d  with  silk  and  hold  it  in  the  neigh- 
borhood of  the  plate  r,  without  making  actual  contact.  The 
gold  leaves  will  diverge.  We  know  the  glass  rod  is  positively 
electrified,  and,  when  it  is  brought  near  the  plate  c^  a  separa- 
tion of  the  (previously  neutralized)  electric  charges  in  the 
metallic  portions  of  the  electroscope  takes  place,  the  nega- 
tive electricity  being  attracted  to  the  plate  c  by  the  positive 
charge  on  the  glass  rod  d^  and  the  positive  charge  being 
repelled  to  the  gold  leaves.  This  charges  the  two  gold  leaves 
positively,  and,  as  similarly  charged  bodies  are  mutually 
repellent,  they  are  caused  to  diverge.  If  the  rod  is  with- 
drawn without  touching  the  plate  c^  the  positive  and  nega- 
tive charges  on  the  electroscope  reunite,  thus  allowing  the 
gold  leaves  to  come  together.  This  action  that  causes  a 
separation  of  the  two  electricities  in  a  body  by  the  proximity 
of  a  charged  body,  is  called  electrostatic  induction.  This  will 
be  treated  farther  on  at  greater  length. 

Again  bring  the  rod  near  the  electroscope,  and  this  time 
touch  the  plate  c.  On  removing  the  rod,  the  leaves  remain 
diverged,  because  the  negative  charge  that  was  attracted  to 
the  plate  by  the  approaching  positive  charge  on  the  rod  is 
neutralized  by  an  equal  amount  of  the  positive  charge  from 
the  rod  at  the  moment  that  the  rod  and  plate  touch,  and 
when  the  rod  is  removed  there  is  left  only  a  positive  charge 
on  the  gold  leaves.  The  charge  remaining  on  the  gold 
leaves  is,  therefore,  positive,  and  the  gold  leaves  will  remain 
diverged,  although  perhaps  a  trifle  less  after  the  rod  is 
removed  than  just  before  the  rod  touched  the  plate,  because 
the  remaining  positive  charge  is  now  free  to  distribute  itself 
over  the  entire  metal  surface  of  the  electroscope  and  not 
only  over  the  gold  leaves.  The  result  is  practically  the 
same  as  if  the  rod  had  given  up  its  positive  charge  to  the 
electroscope.  Knowing  the  character  of  this  charge,  we  are 
able  to  compare  other  charges  with  it  and  find  out  whether 
they  are  of  the  same  or  of  a  different  kind. 
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30.  For  instance,  let  the  glass  rod  be  riibhed  with  flan- 
nel. The  question  now  is  whether  the  glass  rod  is  charged 
with  positive  or  with  negative  electricity.  On  bringing  it 
near  the  plate  on  the  electroscope,  the  leaves  show  a  ten- 
dency to  close  together.  This  is  evidently  because  there  is 
less  repulsion  between  them;  that  is,  their  positive  charge, 
previously  received  when  the  plate  was  touched  with  the 
glass  rod  that  had  been  rubbed  with  silk,  must  have  become 
less.  Evidently,  then,  the  rod  must  be  negatively  charged, 
because  it  attracts  a  part  of  the  positive  charge  on  the  leaves 
toward  it,  leaving  them  less  strongly  charged.  On  the  other 
hand,  if  the  rod  were  positively  charged,  the  gold  leaves 
would  spread  wider  apart,  because  the  positive  charge  on 
them  would  be  made  stronger,  due  to  a  further  separation  of 
positive  and  negative  charges,  the  negative  being  attracted 
to  the  plate,  and  the  positive,  repelled  ti>  the  gold  leaves, 
would  increase  the  quantity  of  positive  charge  already  there. - 

From  these  facts  we  may  draw  the  conclusions  that  if  the 
gold  leaves  diverge,  the  body  being  tested  has  a  charge  of 
the  same  kind  as  that  on  the  electroscope ;  if  the  gold  leaves 
approach  each  other,  the  charge  is  of  the  opposite  kind. 

31.  The  toi-sion  balance  is  an  instrument  used  to 
measure  the  force  exerted  between  two  electrified  bodies. 
It  consists  of  an  arm  or  lever  of  some 

light,  insulating  material,  such  as  a 
straw  or  piece  of  wood,  provided  at  one 
end  with  a  gilt  pith  ball  /;,  Fig.  3,  and 
suspended  in  a  glass  jar  by  a  fine  silver 
wire.  The  wire  passes  up  through  a 
glass  tube  and  is  fastened  to  a  brass 
stopper  b,  called  the  torsion  hewl. 
The  torsion  head  is  graduated  in  de- 
grees, and  is  capable  of  being  revolved 
around  upon  the  glass  tube.  Another 
gilt  pith  ball  in  is  fastened  to  the  end  ^"^"^ 

of  the  vertical  glass  rod  a,  which  is  insetted  through  an 
opening  in  the  top  of  the  jar.     A  narrow  strip  of  paper, 
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also  divided  into  degrees,  encircles  the  glass  jar  at  the  level 
of  the  two  pith  balls. 

32,  To  use  the  torsion  balance,  turn  the  torsion  head 
around  until  the  two  pith  balls  ;//  and  n  just  touch  each  other. 
Remove  the  glass  rod  a  and  communicate  the  charge  to  be 
measured  to  the  gilt  ball  m.  Replace  the  glass  rod  in  the  jar. 
The  two  gilt  balls  will  touch  each  other  momentarily,  and 
half  of  the  charge  will  pass  from  m  to  n.  As  both  balls 
possess  similar  charges,  they  will  immediately  repel  each 
other;  the  ball  «,  being  driven  around,  twists  up  the  wire  to 
a  certain  extent.  The  force  of  torsion  in  the  wire  will 
eventually  balance  the  force  of  repulsion,  and  the  ball  n  will 
come  to  rest  when  the  balls  are  separated  by  a  certain  dis- 
tance. In  any  wire,  the  force  of  torsion  is  proportional 
to  the  amount  of  twist,  or,  in  this  case,  to  the  angle  of  tor- 
sion; hence,  the  force  exerted  between  the  two  balls  can  be 
measured  by  the  angle  described  by  the  ball  ;/.  If  the  arc 
through  which  the  ball  moves  is  not  too  large,  the  ball  will 
practically  move  in  a  straight  line»  and  it  may  therefore  be 
said  that  the  force  of  torsion  is  proportional  to  the  arc, 
which  may  be  read  directly  off  the  scale,  instead  of  to  the 
direct  distance  between  the  balls,  which  would  have  to 
be  calculated  from  the  arc. 

33.  liaw  Proved  by  Torsion  Balance. — By  means  of 
the  torsion  balance  it  is  possible  to  prove  that  fAe  force 
exerted  between  two  small  bodies  statically  charged  with 
electricity  varies  inversely  as  the  square  of  the  distance 
between  them.  Thus,  if  two  electrified  bodies  2  inches  apart 
repel  each  other  with  a  certain  force,  this  force  will  be  four 
times  greater  if  the  distance  between  them  is  decreased  to 
1  inch.  This  law  holds  good  for  both  repulsion  and  attrac- 
tion, and  also  when  the  charges  on  the  two  bodies  are  of 
unequal  amounts. 

At  a  given  distance,  the  force  of  attraction  or  repul- 
sion between  two  bodies  will  be  proportional  to  the  prod- 
uct of  the  two  quantities  of  electricity  with  which  they 
are  charged.     For   instance,  if   one   body  is  charged  with 
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5  units,  and  another  with  3  units  of  electricity,  the  force 
acting  between  them  will  be  5  X  3  =  15  times  greater  than 
it  would  be  if  each  body  had  received  but  1  unit. 

Hence,  if  two  charges,  or  quantities,  of  electricity  Q  and  (2* 
are  placed  in  air  at  a  distance  t/  apart  they  will  attract  or 
repel  each  other,  depending  on  whether  they  are  unlike  or 
like  charges,  with  a  force  /%  such  that 

F  =  ^-Ji^  (1) 

34,  Electrostatic  Unit  Cliargre  or  Quantity  of  Elec- 
tricity.— In  formula  l,if  7^=  1  dyne,  d=  1  centimeter,  and 
Q  =  Q\  then  Q  and  Q^  must  each  be  equal  to  1.  Hence,  the 
electrostatic  unit  charge,  or  quantity,  of  electricity  is  that 
charge,  or  quantity,  which,  when  placed  in  air  at  a  distance  of 
1  centimeter  from  another  equal  and  similar  charge,  or  quan- 
tity, of  electricity,  will  be  repelled  with  a  force  of  1  dyne. 

35.  Tlie  Coulomb. — There  is  another  unit  of  quantity 
based  on  what  is  called  the  electromagnetic  system  of  units. 
This  is  called  the  coulomb,  and  its  value  is  3,000,000,000 
times  that  of  the  electrostatic  unit.  That  is,  the  coulomb 
is  3  X  10*  electrostatic  unit  charges  or  quantities  of  electric- 
ity.    The  coulomb  will  be  more  fully  explained  later. 


POTEXTIAl, 

36.  The  term  potential,  as  used  in  electrical  science,  is 
analogous  with  pressure  in  gases,  head  in  liquids,  and  tem- 
perature in  heat. 

When  an  electrified  body  positively  charged  is  connected 
to  the  earth  by  a  conductor,  electricity  is  said  to  flow  from 
the  body  to  the  earth;  and,  conversely,  when  an  electrified 
body  negatively  charged  is  connected  to  the  earth,  electric- 
ity is  said  to  flow  from  the  earth  to  that  body.  That  which 
determines  the  direction  of  flow  is  the  relative  electrical /(7/r;/- 
tial^  or  pressure^  of  the  two  charges  in  regard  to  the  earth. 

37.  It  is  impossible  to  say  with  certainty  in  which  direc- 
tion  electricity  really  flows,  or,  in  other  words,  to  declare 
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which  of  two  points  has  the  higher  and  which  the  lower 
electrical- potential,  or  pressure.  All  that  can  be  said  with 
certainty  is  that,  when  there  is  a  difference  of  electrical 
potential^  or  pressure^  an  electric  current  tends  to  flow  from 
one  point,  which  is  said  to  be  at  the  higher,  to  another 
point,  which  is  said  to  be  at  the  lower,  potential,  or  pressure. 
For  convenience,  it  has  been  arbitrarily  assumed  and  uni- 
versally adopted  that  that  electrical  condition  called /^^/'/nr 
is  at  a  higher^  potential^  or  pressure^  than  that  called  negative, 
and  that  an  electric  charge,  or  current,  flows  from  a  posi- 
tively to  a  negatively  electrified  body. 

38.  The  zero  or  normal  level  of  water  is  taken  as  that  of 
the  surface  of  the  sea,  and  the  normal  pressure  of  air  as  that 
of  the  atmosphere  at  the  sea  level;  similarly,  there  is  a  zero 
pressure,  or  potential,  of  electricity  in  the  earth  itself.  It 
may  be  regarded  as  a  reservoir  of  electricity  of  infinite  quan- 
tity, and  its  pressure,  or  potential,  taken  as  zero.  For  this 
reason,  all  electric  charges,  or  currents,  have  the  tendency 
to  reach  this  zero  level,  exactly  as  water  on  a  mountain  top 
tends  to  flow  to  the  sea  level.  For  this  reason,  it  becomes 
necessary  to  insulate  most  electrical  apparatus,  otherwise  the 
electric  charge,  or  current,  it  generates  or  carries  will  leak 
away  to  the  earth.  The  electrical  condition  that  is  called 
positive  is  assumed  to  be  at  a  higher  potential  than  the  earth, 
and  that  called  negative  is  assumed  to  be  at  a  lower  potential 
than  the  earth. 

C  OXDUCTOllS  AND  INSULATORS 

39.  Only  that  part  of  a  dry  glass  rod  that  has  been 
rubbed  will  be  electrified :  the  charge  does  not  pass  to  other 
parts  of  the  rod.  This  is  evident  from  the  fact  that  the 
unrubbed  parts  produce  neither  attraction  nor  repulsion 
when  brought  near  an  electroscope.  The  same  is  true  of  a 
piece  of  sealing  wax  or  resin.  These  bodies  do  not  readily 
conduct  electricity ;  that  is,  they  oppose,  or  resist,  the  passage 
of  electricity  through  them.  Therefore,  electricity  can 
reside  only  as  a  charge  on  that  part  of  Ihcir  surfaces  where 
it  is  developed.       Experiments    show    that  when    a    metal 
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receives  a  charge  at  any  point,  the  electricity  immediately 
passes,  or  flows,  through  its  substance  to  all  parts.  Metals, 
therefore,  are  said  to  be  good  conductors  of  electricity.  Bodies 
have  accordingly  been  divided  into  two  classes ;  namely,  non- 
conductors, or  Insulators,  those  bodies  that  offer  a  great,  or 
high,  resistance  to  the  passage  of  electricity;  and  conduct- 
ors, or  those  that  offer  a  comparatively  low  resistance  to 
its  passage.  This  distinction  is  not  absolute,  for  all  bodies 
conduct  electricity  to  some  extent,  while  there  is  no  known 
substance  that  does  not  offer  some  resistance  to  its  flow. 

40.  Electrical  resistance  may  be  defined  as  a  general 
property  of  matter,  varying  with  different  substances,  by 
virtue  of  which  matter  opposes^  or  resists^  the  passage  of 
electricity. 

41,  Conductance  is  the  facility  with  which  a  body  trans- 
mits electricity,  and  is  the  reciprocal,  or  opposite,  of  resist- 
ance. For  instance,  copper  is  of  low  resistance  and  high 
conductance ;  wood  is  of  high  resistance  and  low  conductance. 

Table  II  gives  a  list  of  conducting  and  non-conducting 
substances. 

TABIiE  II 


CONDUCTORS  AND  INSULATORS  IN  ORDKR  OF  THEIR  VALUE 


Conductors 

Insulators  (Non-Conductors) 

Silver 

Dry  air 

Glass 

Copper 

Shellac 

Mica 

Other  metals 

Paraffin 

Ebonite 

Charcoal 

Amber 

India  rubber 

Plumbago 

Resin 

Silk 

Moist  earth 

Sulphur 

Paper 

Water 

Wax  . 

Oils 

A  general  idea  of  these  values  may  be  obtained  from  the 
fact  that  water  has  about  6,754  million  times  greater  resist- 
ance than  copper. 
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42.  In  dividing  the  different  substances  into  two  classes, 
it  should  be  understood  that  it  is  done  only  as  a  guide  for 
the  student.  Between  these  classes  are  many  substances 
that  might  be  included  in  either,  and  no  hard  or  fast  line 
can  be  drawn.  The  list  is  arranged  in  order  of  the  specific 
conductance  or  conductivity  of  the  different  substances, 
beginning  with  silver,  which  is  the  best  conductor  known. 


EliECTROSTATIC    rNDUCTION 

43.  It  has  been  seen  that  when  electricity  has  been  trans- 
ferred from  one  body  to  another  by  actual  contact,  an 
attraction  or  repulsion  will  take  place ;  and  it  was  also  seen, 
when  considering  the  gold-leaf  electroscope,  how  a  charge 
could  be  present  on  the  gold  leaves  when  no  actual  contact 
had  been  made  with  charged  bodies.  In  the  latter  case  an 
electric  charge  is  said  to  be  induced  in  a  conductor  when 
that  conductor  is  brought  into  the  vicinity  of  an  electrified 
body.  This  effect  is  termed  electrostatic  Induction,  and 
the  range  of  space  in  which  it  can  take  place  is  called  an 
electrostatic  Held. 

44.  If  the  conductor  A  B,  Fig.  4,  is  supported  from  con- 
tact with  the  earth  by  an  insulator,  and  is  then  brought 

^^  into     the    electrostatic 

A  J.  1         B       field  of  the  conductor  C, 

+       ""  %pMMknlMHi9  +  but    not     touching    C, 

which  is  electrified  with 
a  positive  charge,  then : 

1.  A  charge  will  be 
produced  on  ^4  ^,  as  is 
shown  by  the  pith  balls 
spreading  apart. 

2.  This  charge  will  be  negative  at  the  end  A  nearest  C 
and  positive  at  the  end  B  farthest  from  C,  as  can  be  shown 
by  an  electroscope. 

3.  The  charges  at  A  and  B  are  equal  to  each  other ;  for, 
if  the  conductor  A  B  is  removed  from  the  vicinity  of  the 
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conductor  C  without  having  touched  C,  the  opposite  charges 
immediately  neutralize  each  other;  that  is,  no  electrification 
will  be  indicated  by  the  pith  balls. 

4.  Again,  as  C  is  brought  nearer  and  nearer  A^  the 
charges  of  opposite  signs  on  the  approaching  surfaces 
attract  each  other  more  and  more  strongly  until  C  is 
approached  very  near,  and  then  the  insulating  capacity  of 
the  intervening  substance  (in  this  instance  air)  will  break 
down,  and  the  charges  will  rush  across  and  reunite  with 
such  avidity  that  a  spark  will  be  produced  between  the  two 
bodies.  Two  charges  rushing  together  in  this  manner  neu- 
tralize each  other,  leaving  now  free  the  induced  positive 
charge,  that  was  formerly  repelled  to  the  end  B  of  the  con- 
ductor; hence,  positive  electricity  is  distributed  all  over  the 
surface  of  A  B, 

5.  Or,  if  the  conductor  A  B  is  momentarily  touched  by  a 
conductor  connected  to  the  earth  when  it  is  under  the  influ- 
ence of  C,  the  positive  charge  will  neutralize  an  equal  quan- 
tity of  negative  electricity  in  the  earth  and  the  negative 
charge  will  remain  when  A  B  is  removed  from  the  field  of  C. 
The  charge  that  passes  to  the  earth  from  A  B  is  called  a 
free  diargre,  while  that  charge  which  is  held  by  the  induct- 
ive influence  of  C  is  a  bound  cliargre.  If  the  connection 
between  A  B  and  the  ground  is  broken  and  C  is  removed, 
the  induced  negative  charge  A  B  is  released ;  it  is  also  free, 
and  will  now  distribute  itself  over  the  whole  surface  of  the 
conductor.  Both  free  and  bound  charges  can  be  negative 
or  positive,  depending  on  the  sign  of  the  charge  on  C. 

45,  When  two  conducting  bodies,  both  electrified  with 
equal  dissimilar  charges,  are  touched  together  momentarily, 
the  two  charges  will  neutralize  each  other,  no  trace  of  either 
remaining ;  but  if  they  are  unequal,  the  smaller  charge  will 
neutralize  an  equal  amount  from  the  larger  and  leave  a 
charge  that  is  equal  to  the  difference  between  the  two  origi- 
nal charges,  the  sign  of  the  remaining  charge  being  the 
same  as  that  of  the  larger  one.  Before  the  bodies  can  be 
separated,  the  remaining  charge  will  divide  equally  between 

43—3 
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the  two  bodies.  For  example,  two  gilt  balls  A  and  B  are 
charged  respectively  with  +20  and  —4  units  of  electricity. 
When  the  balls  are  placed  in  contact,  the  —4  charge  on  7S 
will  neutralize  a  +4  charge  on  A  and  leave  a  -f-16  charge, 
which  immediately  divides  equally  between  the  two  balls; 
that  is,  a  charge  of  +8  units  remains  on  each  ball  when 
they  are  separated.  If  the  two  charges  are  similar  but 
unequal  in  amount,  they  will,  on  being  touched  together,  be 
distributed  so  that  the  intensity  of  the  charge  will  be  the 
same  on  each  body. . 


ELECTROPIIOUUS 

46.    The  electropliopus.  Fig.  5,  is  an  instrument  devised 
for  the  purpose  of  obtaining  an  almost  unlimited  number  of 


FlO.  6 

static  charges  of  electricity  from  one.  single  charge,  and  is 
based  on  the  principle  of  electrostatic  induction.  It  consists 
of  two  main  parts:  a  thin  cake  of  resinous  material  cast  in 
a  round  metal  dish,  or  pan,  B^  about  1  foot  in  diameter,  and 
a  round  disk  A,  of  slightly  smaller  diameter,  made  of  metal 
and  provided  with  a  glass  handle.  In  modern  instruments, 
B  is  usually  made  of  ebonite. 

47.     When  using  the  electrophorus,  the    resinous   cake 
must  first  be  beaten  or  rubbed  with  a  warm  piece  of  woolen 
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cloth  or  fur.  The  disk,  or  cover,  is  then  placed  on  the  cake, 
the  metal  part  is  touched  momentarily  with  the  finger  to 
liberate  the  free  charge,  and  then  removed  by  taking  it  up 
by  the  insulating  handle.  The  metal  part  is  now  found  to 
be  powerfully  electrified  all  over  with  a  positive  charge ;  so 
much  so  as  to  yield  a  considerable  spark  when  the  hand  is 
brought  near  it.  The  spark  is  due  to  the  positive  charge 
escaping  through  the  hand  and  body  to  the  earth,  where  it 
is  neutralized  by  an  equal  amount  of  negative  electricity. 
The  cover  may  be  replaced,  touched,  and  again  removed,  and 
will  thus  yield  any  number  of  sparks,  the  original  charge  on 
the  resinous  plate  meanwhile  remaining  practically  as  strong 
as  ever. 

After  the  cake  has  been  beaten  with  the  fur,  its  condition  is 
that  of  Fig.  6 ;  it  is  charged  with  negative  electricity.    When 


±  +  +  ±±±±±1.      ±±±  ±  ±±±±'t. 


Pig.  6 


Pio.  7 


Pio.  8 


the  disk  A  is  approaching  the  cake,  the  latter  will  act 
inductively  on  the  disk,  and  attract  a  positive  charge  on  its 
lower  side  and  repel  a  negative  charge  to  its  upper  side. 
These  charges  will  increase  in  amount  until  they  reach  a 
maximum,  when  contact  is  made  with  the  cake.  This  con- 
dition of  cake  and  disk  is  represented  in  Fig.  7.  Should  the 
disk  be  now  touched,  the  free  negative  charge  will  be 
neutralized  by  electricity  flowing  through  the  observer's 
body  from  the  earth,  while  the  positive  electricity  will 
remain  as  a  bound  charge,  as  shown  in  Fig.  8.  If  the 
disk  is  now  lifted,  the  positive  charge  will  be  no  longer 
bound,  and  will  distribute  itself  all  over  the  disk,  as  illus- 
trated in  Fig.  9. 
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The  charges  given  to  the  disk  will  not  diminish  the  origi- 
nal charge  on  the  cake,  as  the  action  is  purely  inductive, 

and  the  recharging  and  discharging 
of  the  disk  could  go  on  forever  if  the 
cake  were  not  subjected  to  a  certain 
amount  of  leakage  through  the  atmos- 
phere, particularly  when  the  air  is 
damp.  The  charge  must  therefore  be 
occasionally  replenished.  Evidently, 
the  supply  of  energy  represented  by 
each  charge  must  be  drawn  from  some 
source,  and  it  is  of  some  interest  to  in- 
quire into  its  origin.  The  fact  is  that 
when  the  disk  is  removed  from  the  cake  after  being  charged, 
it  resists  being  removed  more  than  when  it  was  neutral. 
This  supply  of  muscular  energy  is  the  real  measure  of  the 
energy  dissipated  in  each  discharge  of  the  disk. 

48,  A  static  charge  of  electricity  is  not  usually  dis- 
tributed uniformly  over  the  surface  of  conducting  bodies. 
Experiments  show  that  there  is  more  electricity  on  the  edges 
and  corners  than  on  their  flatter  parts. 

The  term  electric  density  is  used  to  signify  the  amount, 
or  quantity,  of  electricity  residing  on  a  small  unit  of  area  of 
any  part  of  a  body,  the  distribution  being  supposed  to  be 
uniform  over  that  small  part  of  the  surface. 

The  average  electric  density  is  the  quotient  arising  from 
dividing  the  total  charge  of  electricity  in  units  of  quantity 
residing  on  the  surface  of  a  body  by  the  area  of  the  surface 
in  square  inches.  For  example,  a  charge  of  240  units  of 
electricity  is  imparted  to  a  sphere,  the  surface  area  of  which 
is  40  square  inches:  then,  the  electric  density  over  the  surface 
of  the  sphere  is  ^^  =r  6  units  of  electricity  per  square  inch. 
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49.  It  has  been  shown  that  opposite  charges  attract  and 
hold  one  another;  that  electricity  cannot  flow  through  glass 
and  yet  can  act  across  it  by  induction.     If  a  piece  of  tin  foil 
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is  stuck  on  the  middle  of  each  face  of  a  thin  plate  of  glass, 
apd  one  of  the  pieces  is  electrified  with  a  positive  charge 
and  the  other  with  a  negative  charge,  the  two  charges  will 
attract  each  other,  or,  in  other  words,  they  are  held,  or  bounds 
by  each  other.  It  will  be  found  that  these  two  pieces  of  tin 
foil  may  be  charged  much  stronger  in  this  manner  than  either 
of  them  could  possibly  be  if  they  were  stuck  to  the  glass  one 
at  a  time  and  then  electrified.  This  property  of  retaining 
and  accumulating  a  large  quantity  of  static  charges  that 
two  conductors  possess  when  placed  side  by  side  and  sepa- 
rated from  each  other  by  a  non-conductor,  is  called  electro- 
static capacity. 

50.  A  condenser  is  an  apparatus  for  condensing  or 
accumulating  a  large  quantity  of  static  electricity  on  a  sur- 
face, and  consists  of  two  conductors  separated  by  a  layer  of 
some  non-conducting  material  called  the  dielectric.  One 
of  the  conductors  must  be  well  insulated  from  the  earth, 
but  the  other  may  or  may  not  be  connected  to  the  earth  by 
a  conductor. 

Let  us  take  two  plates  A  and  B^  Fig.  10,  interpose  a  glass 
plate  C  between  them,  and  see  what  will  be  the  effect  when 


i 


PlO.  10 


B  is  charged  with  positive  electricity  from  some  generator 
of  static  electricity  and  A  is  connected  with  the  ground. 
The  positive  charge  on  B  will,  through  the  glass,  induce  a 
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negative  charge  on  A  and  repel  the  positive  electricity  to 
the  ground.  The  negative  charge  on  A  will  collect  on  the 
face  nearest  B  and  react  on  the  positive  charge  of  the  latter, 
attracting  it  nearer  the  glass ;  then  the  plate  B  will  be  capa- 
ble of  receiving  more  electricity  from  the  generating  source. 
This  action  through  the  glass  will  continue  as  long  as  the 
potential  of  the  source  is  able  to  add  new  charges  to  />. 

If  the  two  plates  are  brought  nearer  to  the  glass,  the 
attraction  between  the  charges  will  increase  and  the  inductive 
action  will  be  greater;  a  larger  quantity  can  therefore  be 
accumulated  on  the  plates.  After  the  disks  have  been 
strongly  charged,  the  wires  may  be  removed  and  the  disks 
placed  farther  from  each  other.  The  attraction  between  the 
charges  will  then  be  less;  they  will  be  less  bound;  and  more 
of  the  charge  will  be  free  and  able  to  spread  over  the  entire 
surface.  That  this  is  so  can  be  seen  by  watching  the  pith 
balls  suspended  from  the  conductors  on  each  side.  They 
will  diverge,  giving  the  impression  that  new  charges  have 
been  added  to  A  and  B^  while  the  fact  is  that  the  capacities 
of  A  and  B  have  diminished,  giving  them  the  appearance  of 
being  more  electrified  than  before,  because  there  is  a  greater 
quantity  of  free  charge. 

The  ground  plate  A  has  the  effect  of  greatly  increasing 
the  capacity  of  an  insulated  conductor,  the  surface  density 
on  the  side  opposite  the  ground  plate  being  very  great. 

It  will  be  noticed  that  in  Fig.  10  the  pith-ball  pendulums 
do  not  diverge  through  the  same  angle;  this  is  a  result  of 
the  method  of  charging  the  condensen  When  B  is  connected 
to  the  generating  source,  the  right  side  of  /?  and  its  rod  will 
have  the  same  potential  as  the  machine,  while  the  left  side 
of  A  and  its  rod  will  have  zero  potential.  When  A  and  B 
are  disconnected  from  the  ground  and  generator,  respect- 
ively, B  still  retains  the  surplus  of  electricity  residing  on  its 
right  side,  while  the  left  side  of  A  is  still  at  zero  potential; 
hence,  the  pendulums  will  remain  as  before. 

61.  One  form  of  condenser,  known  as  the  Ijeyden  Jar, 
is  shown  in  Fig.  11.     It  consists  of  a  glass  jary,  coated,  up 
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to  a  certain  height,  on  the  inside  and  outside  with  tin  foil. 
A  brass  knob  a  is  fixed  on  the  end  of  a  stout  brass  wire  which 
passes  downwards  through  a  lid  or  stopper  of  dry,  well- 
varnished  wood,  and  connected  by  a  small,  loose  brass  chain 
with  the  inner  coating  of  the  jar. 


53.  The  jar  may  be  charged  by  touching  the  knob  a  to 
the  terminal  Cof  an  electrical  machine,  which  will  be  con- 
sidered later,  or  to  the  charged  plate  of  an  electrophorus, 
the  jar  being  either  held  in  the  hand  by  the  outer  tin-foil 
coating  Or  connected  to  the  earth  by  a  wire  or  chain.  When 
a  positive  charge  is  thus  imparted  to  the  inner  coating,'it 
acts  inductively  on  the  outer  coating  and  attracts  a  negative 
charge  on  the  face  of  the  outer  coating  nearest  the  glass  and 
repels  a  positive  charge  to  the  outside  of  the  outer  coating. 
This  outer  charge  passes  through  the  hand  or  any  conductor 
to  the  earth. 

This  form  of  Leyden  jar  has  several  weak  points,  the 
main  one  being  the  difficulty  of  keeping  the  outer  and  inner 
coatings  well  insulated  from  each  other.  It  is  known  that 
moisture  collects  very  readily  on  the  surface  of  glass,  and 
that  this  and  the  dust  that  is  always  liable  to  collect  make 
it  possible  for  the  electric  charge  to  leak  from  the  brass  wire 
across  the  stopper  and  the  outside  of  the  jar  to  the  outside 
coating. 

An  improvement  on  this  form  of  Leyden  jar  is  one  with- 
out any  wooden  lid  or  .stopper,  where  the  stout  brass  rod  is 
fastened  at  the  bottom  to  a  plate  that  rests  directly  on  the 
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bottom  of  the  jar,  thus  utilizing  the  whole  length  of  the 
inside  and  outside  glass  surface,  as  well  as  the  air  space 
between  them,  as  insulators. 

53«  liocatlon  of  Charge,  —  Benjamin  Franklin  dis- 
covered'that  the  seat  of  the  charge  in  a  Leyden  jar  is  not 
on  the  tin  foil,  but  on  the  glass.  He  proved  this  by  so 
making  the  coatings  of  a  jar  that  they  could  be  separated 
from  the  jar  after  the  latter  had  been  charged.  He  then 
found  that  the  coatings  contained  very  little  electricity. 
After  having  restored  them  to  a  neutral  condition,  the  jar 
was  put  together  again.  It  was  now  found  to  have  a  charge 
almost  as  large  as  before,  proving  that  the  coatings  merely 
serve  the  purpose  of  distributing  the  charge  over  the  sur- 
face of  the  dielectric. 

64.  Residual  Cliargre. — It  was  also  found  that  after  a 
Leyden  jar  had  been  discharged,  there  remained  a  certain 
residue  of  charge  on  the  glass,  which  after  a  while  will 
emanate  and  collect  on  the  surface  and  will  be  able  to  give 
a  second  spark.  This  can  be  repeated  a  number  of  times, 
each  succeeding  spark  becoming  feebler  and  feebler.  It  is 
known  that  the  dielectric  between  two  charged  coatings  is 
subject  to  a  certain  strain,  which  is  so  great  that  a  Leyden 
jar  when  charged  may  even  break  under  it. 

65.  Battery  of  Jars. — If  the  knobs  and  outer  coatings 
of  several  Leyden  jars  are  joined  together  (knobs  to  knobs 
and  outer  coatings  to  outer  coatings),  they  will  consti- 
tute what  is  called  a  battery  of  Leyden  Jars.  The  poten- 
tial difference  between  the  two  coatings  will  be  the  same, 
but  its  capacity  will  increase  in  proportion  to  the  number  of 
jars.  A  battery  of  this  kind  must  be  handled  with  great 
care,  as  a  shock  from  it  may  be  very  severe. 

66.  Conditions  Governing:  Capacity. — That  the  area 
of  the  metal  coatings  influences  the  capacity  of  a  condenser 
and  is  directly  proportional  to  the  same  will  hardly  need  a 
proof  ;  because  a  large  condenser  may  simply  be  supposed 
to  be  made  up  of  several  smaller  ones,  the  area  of  one  coating 
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of  the  large  condenser  being  equal  to  the  sum  of  the  areas 
of  one  set  of  coatings  of  the  smaller  condensers/  Thus,  if 
two  Leyden  jars  have  their  coatings  connected,  inner  with 
inner  and  outer  with  outer,  they  have  the  same  electrostatic 
capacity  as  a  single  large  jar  with  a  coating  of  equal  area. 
We  have  already  seen  that  the  nearer  the  two  conductors 
are  placed,  the  more  intense  is  the  inductive  action  between 
them.  It  can  be  proved  experimentally  that  the  capacity 
of  a  condenser  with  plain  parallel  plates  is  inversely  propor- 
tional to  the  distance  between  the  plates.  It  has  also 
been  found  that  the  dielectric  medium  plays  an  active  part 
in  induction,  and  that  the  capacity  of  a  condenser  may  be 
decreased  or  increased,  depending  on  the  substance  used  to 
separate  the  two  coats  or  metal  plates.  It  is  found  that  the 
effect  of  electrostatic  induction  is  greatly  increased  by 
placing  some  other  substance  than  air,  such  as  glass  or 
paper,  between  the  two  bodies. 

67.  Inductlvlty.  —  The  relative  facility  with  which 
bodies  allow  electrostatic  induction  to  act  across  them,  is 
called  their  Inductlvlty.  The  word  inductivity  is  now  com- 
ing into  use  in  place  of  the  inconveniently  long  term  specific 
inductive  capacity  that  was  formerly  used.  Inductivity  is 
analogous  to  the  word  conductivity,  which  is  used  in  con- 
nection with  the  word  conductors,  and  is  much  preferable 
to  the  older  and  longer  term. 

The  inductivity  varies  with  different  substances,  but 
almost  all  non-conductors  are  better  than  air,  which  is 
assumed  to  have  an  inductivity  of  1.  Inductivity  of  dielec- 
trics will  be  considered  in  another  section  in  connection  with 
the  capacity  of  condensers. 

68.  From  what  has  been  said,  we  conclude  that  the 
capacity  of  a  condenser  depends  on  (1)  the  size  and  form  of 
the  condenser  plates,  (2)  the  thinness  of  the  dielectric 
medium  between  them,  and  (3)  the  inductivity  of  the 
dielectric  medium. 

69.  Dielectric. —  Any  substance  that  allows  electro- 
static induction  to  act  across  it  is  termed  a  dielectric.     All 
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dielectrics  are  non-conductors.  There  is  this  distinction 
between  a  dielectric  and  an  insulator:  that  the  more  resist- 
ance a  substance  offers  to  the  flow  of  an  electric  charge  or 
current,  the  better  insulator  it  is;  whereas,  the  less  resist- 
ance a  substance  offers  to  an  inductive  influence  across  it, 
the  better  dielectric  it  is  said  to  be.  A  good  insulator  may  be 
a  poor  dielectric,  but  all  dielectrics  are  insulators.  Dry  air, 
for  instance,  is  a  very  good  insulator  but  a  poor  dielectric. 

60.  Htatic  Machines. — As  the  electric  charges  that  arc 
obtainable  from  an  eleotrophorus  are  rather  limited  in  quan- 
tity and  of  relatively  low  potential,  machines  were  early 
devised  for  the  production  of  large  electrostatic  charges  at 
high  potential.  About  the  only  practical  use  of  electrostatic, 
or,  as  they  are  usually  termed,  static  machines  is  for  the 
treatment  of  certain  diseases  by  physicians,  for  the  opera- 
tion of  Roentgen-ray  tubes,  for  college  lectures,  and  for 
laboratories  ;  therefore,  they  are  not  of  sufficient  importance 
to  warrant  a  detailed  description  in  a  Course  of  this  char- 
acter. 


MAGNETISM 


NATURAIi  MAGISTETS 

61.  Near  the  town  of  Magnesia,  in  Asia  Minor,  the 
ancients  found  an  ore  that  possessed  a  remarkably  attract- 
ive power  for  iron.  This  attractive  power  they  named 
ma^uetlsm,  and  a  piece  of  ore  having  this  power  was 
termed  a  magnet.  The  ore  itself  has  since  been  named 
magfnetlte,  and  has  been  found  to  be  a  chemical  com- 
bination of  about  72  parts  of  iron  and  28  parts  of  oxygen, 
by  weight. 

62.  A  still  more  remarkable  discovery  was  made  con- 
cerning this  ore.     It  was  found  that  when  a  piece  of  the  ore 
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was  hung  from  a  thread,  it  invariably  swung  around  to  such 
a  position  that  one  of  its  ends  pointed  north  and  the  other 
south.  It  was  also  observed  that  the  same  end  always 
pointed  north.  Due  to  this  fact,  small  pieces  of  the  ore  so 
suspended  were  used  in  navigation.  Ships  could  be  steered 
in  any  direction  by  its  aid,  because  the  direction  of  the  north 
was  always  shown  by  one  end  of  the  stone.  From  this  fact 
the  name  lodestone  {meaning /^a(/i/ijf  s /one)  was  given  to 
the  natural  ore. 

ARTIFICIAT.    MAGNKTS 

63.  When  a  bar  or  needle  of  hardened  steel  is  rubbed  with 
a  piece  of  lodestone,  it  acquires  magnetic  properties  similar 
to  those  of  the  lodestone  without  the  latter  losing  any  of  its 
magnetism.     Such  bars  are  called  artificial  magnets. 

Artificial  magnets  that  retain  their  magnetism  for  a  long 
time  are  called  permanent  inagrnets.  The  common  form 
of  artificial  magnets  is  a  bar  of  steel  bent  in  the  shape  of  a 
horseshoe  and  then  hardened  and  magnetized.  A  piece  of 
soft  iron  called  an  armature,  or  keeper,  is  placed  across 
the  two  free  ends,  which  helps  to  prevent  the  magnet  from 
losing  its  magnetism. 

64.  If  a  bar  magnet  is  dipped  into  iron  filings,  the  filings 
are  attracted  toward  the  two  ends  and  adhere  there  in  tufts, 
while  toward  the   center  of  the  bar,  half  way  between  the 


Fig.  12 


ends,  there  is  no  such  tendency  (see  Fig.  12).     That  part  of 
the  magnet  where  there  is  no  apparent  magnetic  attraction 
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IS  called  the  neutral  line,  and  the  parts  around  the  ends 
where  the  attraction  is  greatest  are  called  poles.  An  imag- 
inary line  drawn  through  the  center  of  the  magnet  from  end 
to  end  connecting  the  two  poles  together,  is  termed  the 
axis  of  magrnetism. 

65.  The  nia^netic  compass  consists  of  a  magnetized 
steel  needle,  Fig.  13,  resting  on  a  fine  point,  so  as  to  turn 

freely  in  a  horizontal  plane.  When  not 
in  the  vicinity  of  other  magnets  or  mag- 
netized iron,  the  needle  will  always 
come  to  rest  with  one  end  pointing 
toward  the  north  and  the  other  toward 
the  south.  The  end  pointing  north- 
wards is  the  north-seeking  pole,  and  is 
^'°'  ^*  invariably  called  the  north  pole ;  the 

opposite  end  is  called  the  south,  pole.    This  polarity  applies 

as  well  to  all  magnets. 

66.  If  the  north  pole  of  one  magnet  is  brought  near  the 
south  pole  of  another  magnet,  attraction  takes  place;  but 
if  two  north  poles  or  two  south  poles  are  brought  together, 
they  repi'l  each  other.  In  general,  like  magnetic  poles  repel 
one  another;  unlike  poles  attract, 

67.  The  earth  is  a  great  magnet  whose  magnetic  poles 
coincide  nearly,  but  not  quite,  with  the  true  geographical 
north  and  south  poles.  By  the  laws  of  attraction  and  repul- 
sion just  given,  it  is  seen  why  a  freely  suspended  magnet, 
therefore,  will  always  point  in  a  north-south  direction.  The 
north-seeking  pole  of  a  magnetic  needle,  or  other  magnet, 
although  invariably  known  as  a  north  pole,  is,  of  course,  of 
opposite  polarity  to  the  north  pole  of  the  earth ;  neverthe- 
less, the  north-seeking  pole  is  never  called  a  south  pole.  If 
it  were  only  customary  to  do  so,  it  would  be  more  correct 
to  call  the  north -seeking  pole  a  south  pole,  or  to  call  the 
earth's  north  pole  a  south  pole. 

68.  It  is  impossible  to  produce  a  magnet  with  only  one 
pole.     If  a  long  bar  magnet  is  broken  into  any  number  of 
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parts,  each  part  will  still  be  a  magnet  and  have  two  poles,  a 
north  and  a  south. 

69.  Magnetic  substances  are  not  necessarily  magnets, 
that  is,  they  do  not  always  possess  poles  and  neutral  lines, 
but  nevertheless  they  are  capable  of  being  attracted  by  a 
magnet.  A  piece  of  soft  iron  will  attract  either  pole  of  a 
magnet,  or  will  itself  he  attracted  toward  either  pole  of 
a  magnet,  but  when  not  in  the  vicinity  of  a  magnet  it 
has  no  defined  poles  nor  will  it  attract  another  piece  of 
unmagnetized  iron.  In  addition  to  iron  and  its  alloys,  the 
following  metals  are  magnetic  substances:  nickel,  cobalt, 
manganese,  cerium,  and  chromium.  These  metals,  however, 
possess  magnetic  properties  in  a  very  inferior  degree  com- 
pared with  iron  and  its  alloys.  Most  all  other  known  sub- 
stances are  non-magnetic  substances. 

70.  The  space  surrounding  a  magnet  is  called  a  inn^;- 
netlc  field ;  or,  in  other  words,  a  magnetic  field  is  a  region 
in  which  a  magnetic  pole  is  acted  on  by  a  force  tending  to 
pull  it  in  some  direction  or  other. 


MAGNETIC.  LINES    OF    FORCE 

71.  Magnetic  attractions  and  repulsions  act  in  defi- 
nite directions  along  imaginary  lines  that  are  called  lines 
of  majenetlc  force,  or  simply 
lines  of  force.  Their  position  in 
any  plane  may  be  shown  by  pla- 
cing a  sheet  of  paper  over  a  mag- 
net, and  sprinkling  fine  iron  filings 
over  the  paper.  In  the  case  of  a 
bar  magnet  lying  on  its  side,  the 
iron  filings  will  arrange  them- 
selves in  curved  lines  extending 
from  the  north  to  the  s(tuth  |wles, 
as  shown  in  Fig.  14.      A  view  of  ""'■  " 

the  magnetic  field  looking  toward  either  pole  of  a  bar  magnet 
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would   exhibit   merely  radial  lines,  as  shown  by  the   iron 
filings  in  Fig.  15. 

73.     Direction     of    Lines    of 
,    Force. — Every  line  of  force  is  as- 
sumed to  pass  out  from  the  north 
pole,     make    a    complete    circuit 
I   through  the  surrounding  medium, 
I   and   return   into  the   south   pole; 
from  thence  through  the  magnet 
I   to  the  north  pole  again,  as  shown 
in  Fig.  16. 
^'°-  "  This  is  called  the  direction  of 

tlie  lines  of  force,  and  the  pnth  that  they  take  is  called 


the  inmrnctic  ciivull.     Every  lin 
magnetic  circuit  by  itself. 
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The  direction  of  the  lines  of  force  in  any  magnetic  field 
can  be  traced  by  a  small  freely  suspended  magnetic  needle, 
or  a  small  compass  such  as  is  shown  by  tn  in  Fig.-S*.  The 
north  pole  of  the  needle  will  always  point  in  the  direction  of 
the  lines  of  force,  the  axis  of  the  needle  lying  parallel  or 
tangent  to  the  lines  of  force  at  that  place.  If  the  needle  is 
moved  bodily  in  the  direction  toward  which  its  north  pole 
points,  its  center  or  pivot  will  describe  a  path  coinciding 
with  the  direction  of  the  lines  of  force  along  that  part  of  the 
magnetic  field.  In  Fig.  16  the  arrowheads  indicate  the 
direction  of  the  lines  of  force.  It  will  be  noted  that  in 
Figs.  14,  15,  17  and  18,  the  magnetic  lines  are  shown  in  one 
plane  only,  namely,  in  the  plane  of  the  paper.  It  should 
be  borne  in  mind,  however,  that  they  extend  from  the  mag- 
net in  every  direction,  above,  below,  and  to  both  sides. 

The  direction  of  a  line  of  force  may  also  be  defined  as  the 
direction  in  which  an  imaginary  free  north  pole  would  move 
along  the  line  of  force  if  not  acted  upon  by  any  force  other 
than  that  due  to  the  magnetic  field. 

73,  Lines  of  force  can  never  intersect  each  other. 
When  two  opposing  magnetic  fields  are  brought  together, 


the  lines  of  force  from  each  will  be  crowded  and  distorted 
from  their  original  direction  until  they  coincide  in  direction 
with  those  opposing  and  form  a  resultant  field,  in  which  the 
direction  of  the  lines  of  force  will  depend  on  the  relative 
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strengths  of  the  opposing  fields.  The  action  of  the  lines  of 
force  when  opposing  each  other  in  direction  is  shown  in 
Figs.  17  and  18,  by  the  aid  of  iron  filings. 

74.  Consequent  Poles. — If  two  straight  magnets  are 
placed  end  to  end  with  their  like  poles  together,  the  com- 
pound bar  will  have  three  poles,  one  at  each  end  of  the 
same  polarity  and  one  in  the  middle  of  opposite  polarity. 


The  pole  in  the  middle  is  really  made  up  of  two  like  or  con- 
sequent poles.  A  single  bar  may  be  magnetized  so  as  to 
have  an  odd  number  of  poles,  in  addition  to  the  two  of  like 
polarity  at  the  ends;  in  this  case  the  intermediate  poles  are 
called  consequent  poles.  A  bar  so  magnetized  as  to  have 
consequent  poles  is  shown  in  Fig.  19. 


MAGNETIC  FIE  IJ>  PltODUCED  BY  A  CURRENT  OF  EI.ECTBICITY 

75.  When  a  current  of  electricity  flows  through  a  con- 
ductor, such  as  a  wire,  a  magnetic  field  is  produced  in  the 
region  surrounding  the  conductor. 
If  a  conductor  through  which  there 
is  flowing  a  current  of  electricity 
is  threaded  up  through  a  piece  of 
cardboard,  and  iron  filings  are 
sprinkled  on  the  cardboard,  they 
will  arrange  themselves  in  concen- 
tric circles  around  the  wire,  as 
shown  in  Fig.  30.  This  effect  will 
be  observed  throughout  the  whole 
Fio.  w  length   of   the   conductor,   and  is 
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caused  entirely  by  the  current.  In  fact,  every  conductor 
conveying  a  current  of  electricity  can  be  imagined  as  com- 
pletely surrounded  by  a  sort  of  magnetic  ■whirl,  as 
shown  in  Fig.  31,  the  magnetic  density  decreasing 
as  the  distance  from  the  conductor  increases.  If 
the  electricity  flows  through  the  conductor  in  the 
direction  of  the  vertical  arrows,  the  direction  of 
the  lines  of  force  around  the  conductor  will  be  as 
shown;  hence,  the 

Rule. — ff  the  current  in  a  conductor  is  flowing 
away  from  the  observer,  then  the  direction  of  the 
lines  of  force  will  be  around  the  conductor  in  the 
direction  of  the  hands  of  a  watch. 

76.      Screwdriver   Rule.  —  If    the    axis   of.  an 
ordinary  screwdriver  coincides  with  the  a.\is  of  a 
conductor,  then  the  direction  in  which  the  screw- 
driver is  turned  will  be  the  direction  of  the  lines 
of  force  that  are  set  up  around  the  conductor  by  a 
current  flowing  in  the  conductor  in  the  direction     ''"*■  ** 
in  which  the  screwdriver  as  a  whole  moves  in  screwing  or 
unscrewing  an   ordinary  right-handed   screw.     That  is,  if 
the  screwdriver  is  turned  so  as  to  screw  an  ordinary  right- 
handed  screw  into  a  board,  then  the  current  will 
tflow   from  the  handle  of  the  screwdriver  toward 
the  screw,  and  the  direction  of  the  lines  of  force 
will  be  around  the  axis  of  the  screwdriver  in  the 
direction  in  which  the  screwdriver  is  turned. 

77.  Bolt-and-Nut  Rule.— Another  very  sim- 
ple method  for  remembering  the  connection  be- 
tween the  lines  of  force  surrounding  a  conductor 
and  the  direction  of  the  current  in  the  latter  is  the 
following:  Imagine  an  ordinary  nut  a.  Fig,  23,  to 
represent  the  lines  of  force,  and  a  bolt  b  to  be  the 
conductor,  both  nut  and  bolt  having,  as  usual,  a 
right-hand  thread.  If  the  bolt  is  placed  with  its 
head  c  downwards  and  the  nut  screwed  on  the  bolt,  it  will 
turn   toward   the  right,  and  will  at  the  same  time  move 
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downwards.  The  direction  in  which  the  nut  revolves  gives 
the  direction  of  the  lines  of  force,  and  the  direction  in  which 
the  nut  proceeds  indicates  the  direction  of  the  current.  It 
follows  that,  should  the  current  be  reversed,  the  lines  of 
force  will  run  around  the  bolt  in  an  opposite  direction. 


MAGNETIC  UNITS 

78.  Strengrtli  of  Pole.  —  If  two  magnetic  poles  of 
strength  ///  and  ;//,,  respectively,  are  placed  a  distance  ^from 
each  other,  it  has  been  determined  that  they  act  upon  each 
other  with  a  force  /%  such  that 

F=  !^        (2) 

If  jT  is  1  C.  G.  S.  unit  of  force  (a  dyne),  d  1  centimeter, 
and  in  =  ;«,,  then  ;;/  and  ;//,  are  each  C.  G.  S.  unit  poles.  A 
C.  Gv  8.  unit  magriietlc  pole  may  therefore  be  defined  as  a 
pole  of  such  strength  as  to  exert  a  force  of  1  dyne  on  an 
equal  pole  when  they  are  placed  in  air  at  a  distance  of  1  cen- 
timeter apart.  No  name  has  been  adopted  for  the  magnetic 
unit  in  which  the  strength  of  a  magnetic  pole  is  expressed. 
Hence,  it  is  necessary,  if  in  =  5,  for  instance,  to  say  that  the 
strength  of  this  particular  magnetic  pole  is  5  C.  G.  S.  units. 

79.  Magnetic  Moment. — A  moment  is  the  product  of  a 
force  and  a  distance.  Following  this  principle,  the  mag- 
netic moment  ^  of  a  magnet  in  C.  G.  S.  magnetic  units  is 
defined  as  the  product  of  the  strengfth  m  of  one  of  its  poles 
in  electromagnetic  C.  G.  S.  units,  and  the  distance  /  in  centi- 
meters between  its  poles;  that  is, 

911  =  ;;//  (3) 

80.  Intensity  of  a  Maprnet'c  Field. — If  a  magnetic 
pole  of  strength  ;;/  is  placed  at  a  given  point  in  a  magnetic 
field,  the  force  F  that  acts  on  the  magnetic  pole  is  such  that 

F=  m  X  3C  (4) 

X  is  called  the  strength  or  intensity  of  the  magnetic  field 
at  the  given  point.     In  formula  4,  if  /^  is  1  C.  G.  S.  unit  of 
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force  (a  dyne),  and  m  is  1  C.  G.  S.  unit  pole,  then  JC  is  a 
field  having  an  intensity,  or  strength,  of  1  C.  G.  S.  unit. 

81.  A  C.  G.  S.  unit  field  may  be  defined  as  a  field  of 
such  intensity  as  to  exert  a  force  of  1  dyne  on  a  C.  G.  S.  unit 
pole.  The  word  grauss  has  been  adopted  as  the  name  for 
the  C.  G.  S.  unit  of  field  density,  strength,  or  intensity,  as  it 
is  variously  termed.  It  is  equivalent  to  1  line  of  force  per 
square  centimeter.  For  instance,  if  3C  =  5,  we  may  say 
that  the  field  strength  or  intensity  is  5  gausses,  or  that  the 
field  has  5  lines  of  force  per  square  centimeter  or  32.25  lines 
per  square  inch.  The  latter  two  designations  are  the  ones 
most  generally  used  at  present.  If  a  field  has  5  lines  of 
force  per  square  inch^  it  cannot  be  said  to  have  a  strength  of 
5  gausses.  In  place  of  the  expression  a  **line  of  force"  the 
word  max^vell  has  been  adopted.  Hence,  instead  of  saying 
5  lines  of  force,  we  may  say  5  maxwells.  Therefore  a  field 
having  a  strength  of  5  lines  of  force  per  square  inch  may  be 
said  to  have  a  strength  of  5  maxwells  per  square  inch, 
whereas,  if  it  has  5  lines  of  force  per  square  centimeter,  it 
may  be  said  to  have  a  strength  of  simply  5  gausses. 

82.  Intensity  of  a  Field  at  a  Distance  From  a  Fole. 

If  nt  is  the  strength  of  a  magnetic  pole,  it  has  been  deter- 
mined that  the  strength  JC  of  the  magnetic  field  at  a  dis- 
tance d  from  the  pole  is  such  that 

«^  =  5         (5) 

in  which  OfC  is  expressed  in  C.  G.  S.  (magnetic)  units,  nt  in 
C.  G.  S.  (magnetic)  units,  and  d  in  centimeters. 

83.  Uniform  Field. — A  magnetic  field  is  uniform  when 
it  has  the  same  intensity  and  direction  at  every  point.  In 
a  limited  space,  such  as  a  ropm,  the  earth's  magnetic  field 
is  generally  uniform,  whereas  the  field  in  the  air  near  a  bar 
magnet  is  not  generally  uniform. 


ELECTRODYNAMICS 


POTENTIAL  AND  CURRENT 

1.  In  connection  with  the  subject  of  electrostatics,  the 
terms  potential  and  current  have  already  been  used  and 
explained,  but  it  will  be  well  to  now  consider  them  a  little 
further.  It  must  be  understood  that  electricity  is  a  condi- 
tion of  matter  and  not  matter  itself,  for  it  possesses  neither 
weight  nor  extension.  Consequently,  the  statement  that 
electricity  is  flowing  through  a  conductor  must  not  be  taken 
too  literally;  it  must  not  be  supposed  that  any  material 
substance,  such  as  a  liquid,  is  actually  passing  through  the 
conductor  in  the  same  sense  as  water  flows  through  a  pipe. 
The  statement  that  electricity  is  flowing  through  a  conductor 
is  only  another  way  of  expressing  the  fact  that  the  con- 
ductor and  the  space  surrounding  it  are  in  different  condi- 
tions than  usual,  and  that  they  possess  unusual  properties. 
The  action  of  electricity,  however,  is  quite  similar  in  many 
respects  to  the  flow  of  liquids,  and  the  study  of  electric 
currents  is  much  simplified  by  the  analogy. 

2.  In  order  to  produce  what  is  called  an  electric  current, 
it  is  first  necessary  to  cause  a  difference  of  electrical  poten- 
tial or  pressure  between  two  bodies  or  between  two  parts  of 
the  same  body. 

The  term  electromotive  force,  usually  written  B.  M.  F., 
is  employed  to  denote  that  which  moves  or  tends  to  move 
electricity  from  one  place  to  another.  A  difference  of  elec- 
trical potential  has  practically  the  same  meaning  as  electro- 
motive force. 

For  notic«  of  copyrig^ht,  see  page  immediately  following  the  title  pAffe. 
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3.  An  electromotive  force  may  be  produced  or  gener- 
ated in  a  number  of  different  ways,  among  which  are  the 
following : 

{a)     By  friction  and  electrostatic  induction. 

{t)  By  dipping  the  ends  of  two  strips  of  dissimilar  mate- 
rials into  a  liquid  that  has  a  greater  tendency  to  chemically 
act  on  one  material  than  on  the  other.  The  electromotive 
force  is  due  to  chemical  action  or  affinity  between  the  strips 
and  the  liquid. 

(c)     By  moving  a  conductor  across  a  magnetic  field. 

(ii)  By  the  contact  of  two  dissimilar  materials,  eapecially 
when  the  junction  rf,  Fig.  1,  is  at  a  different  temperature 

than  the  two  ends  a  and  ^, 

I     Copper  Iron  "j     which  are  supposed  to  be  at 

*  *     the  same  temperature.      An 

^'***  ^  electromotive  force  produced 

in  this  manner  may  be  called  a  t her moelectromotive  force. 


EliECTROMOTIVE    FORCE    PRODUCED    BY    STATIC 

MACHINES 

4.  The  production  of  a  difference  of  potential  and  static 
charges,  or  currents,  of  electricity  have  already  been  consid- 
ered under  the  subject  of  Electrostatics, 


EliECTROMOTIVE  FORCE  DUE  TO  CHEMICAIi 

ACTION 


CHEMICAL.  ACTION  IN  A  SIMPLE  CELL 

5.  When  a  strip  or  plate  of  commercial  zinc  is  dipped 
alone  in  a  dilute  solution  of  sulphuric  acid,  consisting  of 
1  part  of  sulphuric  acid  to  about  20  times  its  volume  of 
water,  the  zinc  is  attacked  by  the  acid  and  a  part  of  it  is  con- 
verted into  a  suV;stance  called  sulphate  of  zinc,  which  dis- 
solves in  the  solution.      At  the  same   time    the   liquid    is 
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decomposed  and  a  gas  called  hydrogen  is  liberated  from  the 
immersed  portion  of  the  zinc,  coming  up  from  around  the 
zinc  in  small  bubbles.  If  the  zinc  is  absolutely  pure, 
the  chemical  actions  take  place  more  slowly ;  the  bubbles  of 
hydrogen  do  not  immediately  rise  to  the  surface,  but  cover 
the  surface  of  the  zinc  and  seem  to  protect  it  from  further 
action  of  the  acid. 

If,  now,  a  strip  of  copper  is  placed  in  the  same  solution 
with  the  zinc,  no  change  is  observed  as  long  as  the  two 
metals  do  not  touch  each  other,  but  as  soon  as  the  two  metals 
are  allowed  to  touch  each  other  or  are  connected  by  any  con- 
ducting material,  say  a  metal  wire,  as  shown  in  Fig.  2,  the 
chemical  action  becomes  exceedingly  vigorous,  the  zinc  dis- 
solves rapidly  in  the  solution,  and  hydrogen  gas  is  very 
freely  given  off  from  the  immersed  surface  of  the  copper 
plate,  and  not  from  the  zinc  plate,  as  before.  Thus,  while 
the  zinc  is  consumed,  which  may  be  determined  by  weighing 
it  before  and  after  the  action  has  continued  for,  say,  an  hour, ' 
t'he  only  action  apparent  to  the  eye  is  the  gas  produced  at 
the  copper  plate.  Whenever  the  connection  between  the 
exposed  ends  is  broken,  all  chemical  actions  cease  and  remain 
inactive  until  the  two  metals  are  again  connected.  The 
arrangement  shown  in  Fig.  2  is  called  a  cell. 

6.  By  the  use  of  a  sufficiently  delicate  electroscope,  it 
could  be  shown,  when  the  plates  are  disconnected,  that  the 
exposed  end  of  the  copper  was  at  a  higher  potential  than 
the  exposed  end  of  the  ^inc,  and  hence  when  the  plates  are 
connected  outside  the  liquid  there  is  a  continuous  flow  of 
positive  electricity  from  the  copper  to  the  zinc  through  the 
external  wire  and  a  continuous  flow  of  positive  electricity 
from  the  zinc  to  the  copper  through  the  solution. 


VOX.TAIC  CELL 

7.  Two  Italian  physicists,  Volta  and  Galvani,  were  the 
first  to  construct  the  so-called  voltaic,  or  galvanic,  cell, 
as  shown  in  Fig.  2.      It  is  an  apparatus  for  developing  a 
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continuous  current  of  electricity,  and  consists,  essentially, 
of  a  vessel  A,  containing  saline  or  acidulated  water,  into 
which  are  submerged  two  plates 
of  dissimilar  metals  C  and  Z, 
or  one  metal  and  a  metalloid, 
as  carbon. 

8.  The  essential  features  of 
a  voltaic  cell  are  two  dissimilar 
elements  and  an  electrolyte  into 
which  the  elements  are  dipped; 
and,  furthermore,  the  electro- 
lyte must  act  chemically  more 
readily  on  one  element  than  on 
'°'  the  other  in  order  to  produce 

any  ditference  of  potential  hetween  the  two  elements. 
Electrolyte  is  the  name  given  to  the  liquid  that,  as  it 
transmits  the  current,  is  decomposed  by  it. 

The  two  dissimilar  metals,  when  spoken  of  separately,  are 
called  voltaic  elements;  when  taken  collectively,  they  are 
known  as  a  voltaic  coiiple. 

In  any  voltaic  cell  the  element  that  is  the  more  vigorously 
acted  on  (chemically)  by  the  electrolyte  is  known  as  the  fiosi- 
tive  element,  and  the  other  as  the  negative  element.  While 
the  submerged  portion  of  the  zinc  plate  Z  in  Fig.  2  is  the 
positive  element,  as  indicated  by  the  plus  sign  {-{-),  the  exposed 
end,  where  the  connecting  wire  is  attached  to  it,  is  always 
known  as  the  negative  terminal,  or  electrode,  as  indicated 
by  the  minus  sign  {  — ).  In  a  corresponding  manner  the  sub- 
merged portion  of  the  copper  plate  C  is  the  negative  ele- 
ment, and  the  exposed  end,  where  the  connecting  wire  is 
attached,  the  positive  terminal,  or  electrode,  as  indicated 
by  the  minus  (  — )  and  plus  (+)  signs,  respectively. 

The  element  by  which  the  current  leaves  any  electrolytic 
cell  is  known  as  the  cathode,  and  the  element  by  which  the 
current  enters  the  electrolyte  is  known  as  the  anode. 
Thus,  in  the  cell  already  considered,  the  copper  plate  is 
the  cathode  and  the  zinc  plate  the  anode. 
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9,     Theory  of  the  Action  In  a  Simple  Cell. — In  the 

first  place,  sulphuric  acid  is  a  chemical  compound,  the 
chemical  symbol  for  which  is  written  H^SO^.  As  indi- 
cated by  the  symbol,  sulphuric  acid  is  composed  of  2  atoms 
of  hydrogen,  1  atom  of  sulphur,  and  4  atoms  of  oxygen. 
The  zinc  and  sulphuric  acid  in  the  solution  act  on  each 
other,  breaking  up*  the  sulphuric  acid  into  two  compo- 
nents, called  ions.  In  this  case  it  is  broken  up  into  an 
ion  of  hydrogen,  written  //„  and  an  ion  consisting  of 
1  atom  of  sulphur  and  4  atoms  of  oxygen,  written  SO^. 
The  hydrogen  ion  is  positively  charged  and  the  SO^  ion 
is  negatively  charged. 

Immediately  on  the  breaking  up  of  the  sulphuric  acid  into 
these  two  ions,  each  of  which  has  an  equal  but  opposite 
charge,  the  SO^  ion  unites  with  some  of  the  zinc,  forming  a 
chemical  compound  called  zinc  sulphate,  the  chemical  for- 
mula for  which  is  ZnSO^,  This  zinc  sulphate  dissolves  in 
the  solution,  and  the  only  apparent  action  is  the  appearance 
of  bubbles  of  hydrogen  around  the  zinc  plate.  In  forming 
the  zinc  sulphate,  the  SO^  ions  give  up  the  negative  charges, 
which  they  received  when  separated  from  the  hydrogen  ions, 
to  the  zinc  plate ;  hence,  the  zinc  plate  is  negatively  charged 
and  the  hydrogen  bubbles  positively  charged.  There  is 
probably  a  slight  tendency  for  the  same  action  between  the 
copper  and  the  sulphuric-acid  solution,  but  it  is  less  intense 
and  there  is  no  apparent  chemical  action  on  the  copper,  and, 
hence,  there  is  very  little,  if  any,  negative  charge  produced 
on  the  copper  plate. 

Now,  when  the  two  plates  are  connected  externally  by  a 
metallic  wire,  there  is  a  rush  of  negative  electricity  through 
the  external  wire  to  the  copper  plate  and  the  atoms  of  the 
hydrogen  gas,  which  are  positively  charged,  are  transferred 
in  some  invisible  manner  from  the  zinc  to  the  copper  plate, 
where  they  now  collect  in  bubbles  and  give  up  their  positive 
charges,  thereby  neutralizing  the  negative  charges  coming 
through  the  external  wire  from  the  zinc.  Thus,  there  is  a  ten- 
dency to  equalize  the  potential  of  the  copper  and  zinc  plates, 
but  the  consumption  of  the  zinc  by  the  solution  maintains  a 
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difference  of  potential  of  a  trifle  over  1  unit  (or  volt)  between 
the  zinc  and  copper  plates. 

The  tendency  to  equalize  the  potentials  of  the  two  metal 
plates  may  be  compared  to  the  tendency  of  water  flowing 
from  one  lake  to  another,  to  lower  the  level  of  the  higher  to 
that  of  the  lower  lake,  but  the  springs  and  other  natural 
agencies  prevent  it.  In  a  similar  manner,  the  chemical 
reactions  that  consume  the  zinc  and  break  up  the  sulphuric 
acid  prevent  the  equalizing  of  the  potentials  of  the  zinc  and 
copper  plates. 

The  flow  of  negative  electricity  from  the  zinc  to  the 
copper  through  the  wire  is  equivalent  to  a  flow  of  an  equal 
amount  of  positive  electricity  in  the  opposite  direction,  that 
is,  from  the  copper  to  the  zinc  through  the  wire.  Hence, 
there  is  a  constant  flow  of  positive  electricity  from  the 
copper,  through  the  connecting  wire,  to  the  zinc,  and  from 
the  zinc,  through  the  solution,  to  the  copper. 

10.  Continuous,  or  Dli-ect,  Current. — The  equalizing 
flow  that  is  constantly  taking  place  from  one  plate  to  the 
other  is  known  as  a  continuous^  or  direct^  current  of  elec- 
tricity. A  continuous  current  always  flows  in  the  same 
direction  and  its  strength  does  not  vary  in  a  pulsatory 
manner;  whereas  a  direct  current  always  flows  in  the  same 
direction,  but  its  strength  may  vary  in  a  pulsatory  manner. 
Since  nearly  all  direct  currents  are  also  continuous,  the  two 
terms  are  used  rather  indiscriminately. 

11.  An  alternating  current,  on  the  contrary,  is  one 
that  is  made  to  change  the  direction  in  which  it  flows  in  a 
conductor  regularly  a  definite  number  of  times  per  second. 
Alternating  currents  will  not  be  considered  here. 

12.  Direction  of  Current  In  a  Cell. — The  current 
produced  in  this  cell  will,  therefore,  flow  from  the  exposed 
end  of  the  copper  through  the  conductor  to  the  exposed  end 
of  the  zinc,  and  from  the  submerged  end  of  the  zinc  through 
the  liquid  to  the  submerged  end  of  the  copper. 

It  is  found  that  the  amount  of  electricity  set  free  will 
depend  on  the  quantity  of  zinc  dissolved  by  the  acid  ;  the 
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latter  quantity  will  also  determine  the  quantity  of  hydrogen 
gas  developed.  It  is  clear  that  after  a  time  the  solution 
will  have  changed  into  one  of  sulphate  of  zinc,  and  will  be 
unable  to  dissolve  the  zinc  any  further.  Then  the  action  of 
the  cell  will  cease,  and  the  acid  will  have  to  be  renewed 
before  more  current  will  flow.  Or,  if  there  is  sufficient  acid, 
but  all  the  zinc  is  consumed,  then  the  zinc  will  have  to  be 
renewed  before  more  current  will  flow. 

13.  lioeal  Action. — Commercial  zinc  is  not  chemically 
pure,  but  contains  impurities,  such  as  small  particles  of  iron, 
carbon,  and  other  substances.  When  the  zinc  is  immersed 
in  any  liquid  that  attacks  the  zinc  more  than  the  impurities, 
an  electromotive  force  is  set  up,  and  since  the  two  sub- 
stances are  connected  through  the  metal,  local  currents  are 
generated  that  eat  away  the  zinc  until  the  foreign  substance 
is  set  free  and  falls  away.  This  is  called  local  action. 
When  the  zinc  is  amalgamated,  that  is,  coated  or  alloyed 
with  mercury,  the  mercury  seems  to  cover  up  the  impurities 
and  to  bring  only  the  pure  zinc  to  the  surface.  Moreover, 
the  smooth  surface  seems  to  hold  a  film  of  hydrogen,  when 
the  cell  is  not  at  work,  that  protects  the  zinc  from  attack 
by  the  acid.  Hence,  amalgamation  of  the  zinc  prevents 
local  action  at  all  times. 

14,  A  voltaic  battery  is  a  number  of  simple  voltaic 
cells  properly  joined  together. 

Electrodes,  or  poles,  of  a  cell  or  battery  are  the  exposed 
ends  of  the  plates  or  metallic  ternmials  attached  to  the  plates. 
The  electrodes  are  used 
to  connect  the  cell  to  any 
exterior  conductor  or  to 
another  cell.  In  electrical 
diagrams,  cells  are  repre- 
sented as  drawn  in  Fig.  3.        

Af  and  iV  each  represent  a  i'*  i?'^ 

single  cell,  a  and  c  being  the  ^'^*  ^ 

positive  electrodes  and  b  and  d  the  negative  electrodes.  The 
two  cells  joined  together  in  this  manner  constitute  a  battery, 


^•f-=^< 
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a  and  d  representing  the  terminals  of  the  battery,  as  well  as 
the  positive  electrode  of  M  and  the  negative  electrode  of  N^ 
respectively.  Where  there  is  only  one  cell  in  a  circuit  it  may 
be  called  a  battery ;  in  fact,  a  cell  is  often  called  a  battery. 
The  arrows  indicate  the  direction  in  which  the  current  flows. 
The  various  forms  of  cells  and  the  actions  that  take  place  in 
them  will  be  fully  considered  under  the  subject  of  Batteries. 

15.  In  the  case  of  two  substances  placed  in  a  liquid,  the 
resulting  electromotive  force  may  be  said  to  be  due  to  the 
difference  of  potential  between  the  two  substances.  Just 
as  in  water  pipes  a  difference  of  level  produces  a  pressure  and 
the  pressure  produces  a  flow,  as  soon  as  the  water  is  turned  on, 
so  a  difference  of  potential  produces  an  electromotive  force 
and  the  electromotive  force  sets  up  a  current^  as  soon  as  the 
circuit  is  completed  through  which  the  electricity  may  flow. 

The  greater  the  intensity  of  the  chemical  action  on  one 
element  than  on  the  other,  the  greater  will  be  the  electro- 
motive force  of  the  cell.  There  is  a  large  variety  of  metals 
and  electrolytes  that  may  be  used  to  form  a  voltaic  cell, 
and  some  combinations  produce  better  results  than  others. 

16,  In  Table  I,  various  metals  are  arranged  in  a  series 
such  that  any  two  of  the  substances  form  a  voltaic  couple 
and  produce  a  difference  of  potential  when  submerged  in  a 
dilute  solution  of  sulphuric  acid;  the  one  standing  first  on 
the  list  being  the  positive  element  or  plate  and  the  other  the 
negative.  For  example,  if  iron  and  graphite  are  used,  the 
iron  will  be  the  more  vigorously  acted  on  by  the  liquid,  and 
will  form  the  positive  element;  but  if  iron  and  zinc  are 
used,  the  zinc  will  be  the  more  vigorously  acted  on  by  the 
liquid,  and  will  form  the  positive  element. 

TABIiE    I 


THE  ELECTROMOTIVE  SERIES 

1.  +  Sodium  5.  Tin  9.  Gold 

2.  Magnesium  6.  Iron  10.   Platinum 

3.  Zinc  7.  Copper  11.   —  Graphite  (carbon) 

4.  Lead  8.  Silver 
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The  difference  of  potential  will  be  greater  in  proportion 
to  the  distance  between  the  positions  of  the  two  substances 
in  the  list.  For  example,  the  difference  of  potential  devel- 
'  oped  between  zinc  and  graphite  is  much  greater  than  that 
developed  between  zinc  and  iron ;  in  fact,  the  difference  of 
potential  developed  between  zinc  and  graphite  is  equal  to 
the  difference  of  potential  developed  between  zinc  and  iron 
plus  that  developed  between  iron  and  graphite.  The  nature 
and  cost  of  sodium  and  magnesium  prohibit  their  use  as 
electrodes  in  ordinary  cells. 

The  maximum  difference  of  potential  developed  by  any 
voltaic  couple  placed  in  any  electrolyte  is  about  2.25  volts; 
in  the  common  forms  of  cells,  the  difference  of  potential 
developed  averages  from  .75  to  2  volts. 

17,  Differences  Between  Current  and  Charge. — Elec- 
tricity  flowing  as  a  continuous  current  differs  usually  from 
static  charges  in  three  important  degrees ;  namely,  its  poten- 
tial is  much  lower,  its  actual  quantity  is  larger,  and  it  is 
continuous. 

A  strong  voltaic  battery  of  several  cells  produces  only  a 
slight  effect  on  a  gold-leaf  electroscope,  and  apparently  none 
of  its  parts  possesses  the  property  of  attracting  light  sub- 
stances. The  electromotive  force  produced  by  any  well- 
known  voltaic  cell  scarcely  ever  exceeds  2  volts,  and  it  would 
require  at  least  4,000  cells  (8,000  volts)  to  produce  a  spark 
between  two  balls  separated  by  an  air  gap  only  ^  inch  in 
length ;  whereas  a  small  electrostatic  machine  may  produce 
sparks  several  inches  in  length.  If,  however,  the  actual  quan- 
tity of  electricity  is  measured  by  its  effects  in  decomposing 
water,  then  the  quantity  produced  by  a  simple  voltaic  cell  as 
small  as  a  thimble  would  give  greater  results  than  that  from 
an  electrostatic  machine  with  plates  2  or  3  feet  in  diameter. 

An  electric  current  cannot  be  developed  on  the  surfaces  of 
non-conducting  substances  in  the  same  manner  as  static 
charges,  and  it  will  never  flow  unless  the  conducting  path 
is  made  entirely  of  conducting  material  or  an  extremely 
high  potential  is  used. 
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18,     A  number  of  contacts  of  dissimilar  metals  can  be 
so  arranged  as  to  add  their  electrical  effects  together;  the 
_  difference  of  potential  then  developed 

will  be  greater  in  proportion  to  the 
number  of  contacts.  Such  an  arrange- 
ment, as  shown  in  Fig.  i,  is  called  a 
voltaic  pile.  It  is  made  by  placing  a 
pair  of  disks  of  zinc  (chemical  sym- 
bol Zn)  and  copper  (chemical  sym- 
bol Cm)  in  contact  with  each  other, 
and  then  laying  a  piece  of  flannel  or 
blotting  paper,  moistened  with  brine, 
on  the  copper  disk.  The  pair  of  disks 
now  form  a  voltaic  couple.  Several 
voltaic  couples  are  placed  together,  and 
each  pair  separated  by  a  moistened 
piece  of  flannel  or  blotting  paper.  One 
end  of  such  a  pile  would  then  be  termi- 
nated by  a  disk  of  copper  and  the  other 
by  a  disk  of  zinc.  The  copper  forms 
the  positive  electrode  and  the  zinc  the 
negative  electrode.  By  joining  these 
two  electrodes  together  with  a  con- 
ductor, a  current  will  flow  from  the  positive  to  the  negative 
through  the  conductor,  and  from  the  negative  to  the  posi- 
tive through  the  contacts. 


ciitcnTB 

19,  A  circuit  is  a  path  composed  of  a  conductor,  or  of 
several  conductors  joined  together,  through  which  an  elec- 
tric current  flows  from  a  given  point  around  the  conducting 
path  back  again  to  its  starting  point. 

A  circuit  is  bi*oken  or  opciicrt  when  its  conducting  ele- 
ments are  disconnected  in  such  manner  as  to  prevent  the 
current  from  flowing. 

A  circuit  is  closed  or  completed  when  its  conducting 
elements  are  so  connected  as  to  allow  the  current  to  pass. 


am  mm 

-WW\j -^ ^VW\r 


§  2  ELECTRODYNAMICS  11 

A  circuit  in  which  the  conductors  have  come  into  contact 
with  the  ground,  or  with  some  electric  conductor  leading  to 
the  ground,  is  said  to  be  a  grrounded  circuit,  or  is  called 
an  eartli. 

The  external  circuit  is  that  part  of  a  circuit  which  is 
outside,  or  external,  to  the  source  of  electricity. 

The  internal  circuit  is  that  part  of  a  circuit  which  is 
included  within  the  source  of  electricity. 

In  the  case  of  the  simple  cell,  the  internal  circuit  consists 
of  the  tji^o  metallic  plates,  or  elements,  and  the  liquid,  or 
electrolyte;  an  external  circuit  would  be  a  wire  or  any  con- 
ductor connecting  together  the  free  ends  of  the  electrodes. 

20.  Conductors  are  said  to  be  connected  in  series  when 
they  are  joined  so  that  the  entire  current  must  pass 
through  each  suc- 
cessively. For  in- 
stance, in  Fig.  5,  all 
the  current  gener- 
ated in  the  voltaic 
cell  B  must  flow  suc- 
cessively through 
the  conductors  r,  and  r,.  Hence,  r,  and  r,  are  connected  in 
series  with  each  other.  In  this  case,  moreover,  the  bat- 
tery B  and  conductors  r,  and  r,  are  all  connected  in  one 
series-circuit;  c,  e,  and  ^represent  connecting  wires,  and  the 
arrows  the  direction  in  which  the  current  is  flowing. 

21,  A  circuit  divided  into  two  or  more  branches,  each 
branch  transmitting  part  of  the  current,  is  a  divided  cir- 
cuit ;  the  conductors  forming  these  branches  are  said  to  be 

connected  va  parallel  ox  mul- 

i         ^ — ^^ — \  ^^^^^'       ^^^^  branch  taken 

~*"      {  )  '""    separately  is  called  a  sliunt. 

^*""'^  Such  a  circuit  is  shown  in 

Fig.  6.     The  conductors  r. 

FlO.  6  * 

and  r,  are  the  two  branches 
into  which  the  portion  ^^  of  the  circuit  is  divided.  The 
conductors  r,  and  r,  are  said  to  be  connected  in  parallel  or 


V. 


B 

If 


+  1.- 
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multiple,  and  r,  is  said  to  shunt  r„  or  r^  is  said  to  shunt  r,. 
The  total  current  /  divides  between  the  two  branches,  the 
portion  /,  flowing  through  r„  and  /,  through  r,. 

Note. — The  letter  /  will  be  used  in  this  section  to  represent  a 
current,  because  it  has  been  adopted  for  that  purpose  by  an  interna- 
tional convention  of  electrical  engineers.  However,  the  letter  C  has 
been  used  to  represent  current  in  the  past,  and  is  still  sometimes  so 
employed. 

32.     A  battery  of  voltaic  cells  is  said  to  be  connected  in 

series  when  the  cells  are  arranged  in  one  circuit  by  join- 

yt.  -I    ing  the  positive  electrode  of 

^^F^F^F^P^F'^F^    one  cell  to  the  negative  elec- 
trode of   the  adjacent  one, 
Fio.  7  ,  ,  . 

so   that    the  entire  current 

passes  successively  through  each,  as  shown  in  Fig.  7. 

23.  A  battery  of  voltaic  cells  is  said  to  be  connected  in 
multiple  or  parallel  when 

the  positive  electrodes  of  all   y<^      '^k*  V*  'W  '^1?"  'Ilk*  'W 

the  cells  are  connected  to  one  "w^>i"5i"$l    ^1    V 

main  positive  conductor,  and 

all  the  negative  electrodes  are 

connected  to  one  main  negative  conductor,  as  shown  in  Fig.  8. 

24.  When  the  series  and  multiple  connections  are  com- 
bined, the  battery  is  said  to 
be  connected  in  multiple 
series  or  parallel  series. 
This  is  accomplished  by 
joining  several  groups  in 
multiple  or  parallel,  the 

cells  in  each  group  being  connected  in  series,  as  shown  in 
Fig.  9. 


Pio.  8 


Fig.  9 


EI.ECTROMOTIVE  FORCE   OF  GROUPS   OF   CEI^IiS 

25.  Cells  Joined  in  Serles.—When  a  number  of  cells  are 
joined  in  series,  as  shown  in  Fig.  7,  the  total  electromotive 
force  of  the  group  is  equal  to  the  sum  of  the  electromotive 
forces  of  all  the  cells.     When  all  the  cells  joined  together 
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are  similar  in  kind  and  condition,  as  is  usually  the  case,  the 
total  electromotive  force  of  the  group  is  equal  to  the  electro- 
motive force  of  one  cell  multiplied  by  the  number  of  cells. 
When  joining  together  a  number  of  cells  in  series,  the  posi- 
tive pole  of  the  first  should  be  connected  with  the  negative 
pole  of  the  second  cell,  the  positive  of  the  second  with  the 
negative  of  the  third,  and  so  on  throughout  the  whole  series. 
It  matters  not  which  pole  you  commence  with,  provided  you 
are  careful  not  to  connect  like  poles  together.  This  must 
be  as  strictly  observed  in  joining  batteries  hundreds  of  miles 
apart  as  if  they  stood  side  by  side. 

36.  Cells  Joined  In  Parallel. — When  a  number  of 
cells,  similar  in  kind  and  condition,  are  all  joined  in  parallel, 
as  shown  in  Fig.  8,  the  total  electromotive  force  of  the 
group  is  equal  to  the  electromotive  force  of  one  cell. 

This  is  due  to  the  fact  that  all  the  positive  electrodes  have 
the  same  potential  and  all  the  negative  electrodes  the  same 
potential;  hence,  joining  all  the  positive  electrodes  together 
and  all  the  negative  electrodes  does  not  alter  the  potential 
of  either  set,  and  hence  the  difference  of  potential  between 
all  the  positive  and  all  the  negative  electrodes  is  exactly  the 
same  as  before  they  were  connected  together,  that  is,  the  same 
as  that  of  one  cell.  A  number  of  cells  joined  in  parallel  is 
really  equivalent  to  one  large  cell,  each  immersed  element  of 
the  latter  being  equal  in  area  to  the  sum  of  the  areas  of  the 
similar  immersed  elements  of  all  the  cells  joined  in  parallel. 

When  the  cells  are  connected  in  series,  however,  each 
positive  electrode  has  a  higher  potential  than  the  negative 
electrode  to  which  it  is  joined;  hence,  the  potential  differ- 
ence rises  one  step  for  each  cell  joined  in  the  series. 

27.  Cells  Joined  In  Parallel-Series. — When  a  num- 
ber of  cells  similar  in  kind  and  condition  are  joined  in  a 
parallel-series  set,  as  shown  in  Fig.  9,  the  total  electro- 
motive force  of  .the  group  is  equal  to  the  electromotive 
force  of  one  series-group;  that  is,  to  the  electromotive  force 
of  one  cell  multiplied  by  the  number  of  cells  connected  in 
series  in  one  group. 

43—6 
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Example. — If  the  electromotive  force  of  each  cell  is  1.8  volts,  what 
is  the  total  electromotive  force  of  the  groups  of  cells  shown  in  Figs.  7, 
8.  and  9  ? 

Solution. — In  Fig.  7,  the  cells  are  all  connected  in  series;  hence, 
the  total  electromotive  force  of  the  group  is  6  X  18  =  10.8  volts.    Ans. 

In  Fig.  8.  the  cells  are  all  joined  in  parallel ;  hence,  the  total  electro- 
motive force  of  the  group  is  1.8  volts.    Ans. 

In  Fig.  9  there  are  three  parallel  groups,  each  group  consisting  of 
two  cells  joined  in  series ;  hence,  the  total  electromotive  force  of  the 
group  is  equal  to  the  electromotive  force  of  one  series-row,  which  is 
2  X  1.8  =  8.6  volts.     Ans. 

EliBCTROMOTIVE   FORCE    PRODUCED  BY   MOVIKG 
A  CONDUCTOR  ACROSS  A  MAGNETIC  FIEIiD 

38.  Let  the  dots  in  Fig.  10  represent  a  uniform  magnetic 
field  of  intensity  X,  the  lines  of  force  being  normal  to  the 


: ::  X 
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plane  of  the  paper,  and  ;;/  n  a  conductor  of  length  /  lying  in 

the  plane  of  the  paper.     If  the  conductor  is  moved  sidewise 

in  the  plane  of  the  paper  in  the  direction  of  the  arrow  o  or  o\ 

with  a  velocity  v^  an  electromotive  force  E  will  be  developed, 

or  induced,  as  it  is  called,  in  the  moving  conductor  of  such  a 

value  that 

E=ldZv  (1) 

If   /  is  measured  in   centimeters,  v  in   centimeters    per 
second,  and  JC  is  the  intensity  of    the  magnetic   field   in 
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C.  G.  S.  units,  that  is  the  number  of  lines  of  force  per  square 
centimeter,  then  E  is  the  electromotive  force  in  C.  G.  S. 
electromagnetic  units. 

29.  Tlie  Volt.  —  The  practical  unit  of  electromotive 
force,  or  difference  of  potential,  is  the  volt. 

The  volt  is  greater  than  the  absolute,  or  C.  G.  S.,  electro- 
magnetic unit  of  electromotive  force. 

1  ateolute,  or  C.  G.  S.,  unit  equals  one  one-hundred-mil- 

lionths  (TTnTTrbinnr)  volt. 

1  volt  equals  one  hundred  million  (100,000,000,  or  10') 
absolute,  or  C.  G.  S.,  units. 

Hence,  E  (in  volts)  =  — ^  (2) 

A  klloyolt  is  equal  to  1,000  volts. 
A  microvolt  is  equal  to  TOTCTiTTr  volt. 
.  1  millivolt  is  equal  to  jirVir  volt. 

30,  If  the  ends  of  the  moving  conductor  m  n,  in  Fig.  10, 
are  joined  by  another  conductor,  so  arranged  as  not  to  cut 
the  lines  of  force  at  the  same  rate  as  m  «,  then  the  electro- 
motive force  induced  in  mn  will  cause  a  current  to  flow 
through  the  closed  circuit  formed  by  the  conductors. 

In  Fig.  11,  \^X,abcd  represent  conductors  forming  with 
mm.  closed  circuit  so  arranged  that  the  conductor  m n  can 
slide  sidewise  on^^^^^^^^^^^^^^^^ 

and    dc^    as    on    a •••••••••••••• 

pair  of  rails.  If  the 
lines  of  force  are 
directed  upwards, 
that  is,  toward  the 
observer,  and  the 
conductor  m  n  is  slid 
along  the  rails  a  b 
and  dc  in  the  direc- 
tion of  the  arrow  ^, 
then  the  electromotive  force  induced  in  ;;/  n  will  be  higher 
at  m  than  at  «,  and  hence  cause  a  current  to  flow  through 
the  conductors  in  the  direction  of  the  arrows  i. 


•  • 
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31«  The  circuit  mc  bn,  which  is  external  to  the  moving 
wire,  may  be  called  the  external  circuity  and  the  moving 
wire  m  n  may  be  called  the  internal  circuity  since  the  electro- 
motive force  is  generated  in  it.  This  is  analogous  to  a 
system  of  water  pipes,  in  some  portion  of  which  there  is  a 
pump  that  raises  the  water  from  the  lowest  to  the  highest 
level.  The  pressure  at  the  top  causes  the  water  to  flow  by 
gravity  through  the  system  of  pipes,  which  is  analogous  to 
the  external  electrical  circuit,  while  the  water  is  forced  by 
the  pump,  which  is  analogous  to  the  internal  electrical  cir- 
cuit, from  the  lowest  to  the  highest  level  through  the  pump 
itself. 

Since  the  electric  current  flows  in  the  external  circuit 
in  the  direction  ntcbn  when  the  field  is  upwards  and  the  con- 
ductor is  moved  to  the  right,  the  point  m  is  considered  to  be 
at  a  higher  potential  than  »,  or  m  is  considered  to  be  posi- 
tive relative  to  «.  The  work  done  in  moving  the  wire 
through  the  magnetic  field  produces  a  pressure  from  n  to  w, 
thereby  making  the  potential  higher  at  m  than  at  n^  the 
same  as  the  pump  forces  the  water  from  a  lower  to  a  higher 
level,  where  its  potential  energy  is  greater.  Hence,  the 
electric  current  flows  in  the  external  circuit  from  a  point  of 
higher  to  a  point  of  lower  potential  or  from  a  point  of  posi- 
tive to  a  point  of  negative  potential;  whereas,  in  the  mov- 
ing wire,  or  internal  circuit,  the  current  flows  from  a  point 
of  lower  to  a  point  of  higher  potential  or  from  a  point  of 
negative  to  a  point  of  positive  potential. 

Reversing  the  direction  of  motion  of  tn  «,  or  the  direction 
of  the  field,  will  reverse  the  direction  of  the  electromotive 
force  and  the  current.  Reversing  both  the  direction  of 
the  field  and  the  motion  of  the  conductor  7nn  at  the  same 
time  will  not  reverse  the  electromotive  force  and  current. 

When  an  electric  current  is  thus  produced  in  a  system  of 
conductors,  all  the  mechanical  energy,  excepting  that  used 
to  overcome  the  friction  expended  in  moving  theconductor, 
is  converted  into  electrical  energy.  The  generation  of  elec- 
trical energy  in  a  dynamo  depends  primarily  on  the  phenom- 
enon described  above. 


§2 


ELECTRODYNAMICS 


17 


I 


f 


PlO.  IS 
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32.  When  a  current  actually  flows  in  the  conductors  m  «, 
in  Fig.  11,  whirls  of  magnetic  lines  of  force  are  set  up  around 
the  conductors  and  the  direction  of 
these  lines  of  force  will  be  found 
(see  Fig.  12)  to  be  opposite  to  the 
field  JC  on  the  one  side  (the  left  side 
of  mn)  and  in  the  same  direction  as 
the  field  on  the  other  side  of  each 
conductor  (the  right  side  of  mn). 
Fig.  12  represents  the  imaginary 
condition  of  the  field  in  a  vertical 
plane  at  right  angles  to  the  con- 
ductor w«,  and  looking  (see  Fig.  11) 
from  ///  to  «,  when  m  n  is  being  for- 
cibly moved  in  the  direction  of  the  arrow  o, 
distorted  by  the  opposing  field  set  up  by  the  induced  current 
(flowing  toward  the  observer,  that  is,  from  ;/  to  ;;/  in  Fig.  11) 
that  the  density  of  the  lines  of  force  is  increased  on  the 
right  side  of  ;//  n  and  decreased  on  the  left  side.  The  lines 
of  force  resist  being  thus  crowded  on  the  right  and  dis- 
torted or  stretched,  and  hence  mechanical  work  is  required 
to  overcome  this  resistance. 

33.  Iienz's  liSTV. — The  facts  just  stated  are  expressed 
by  Iienz^s  law,  which  is  as  follows: 

When  a  conductor  is  moving  in  a  magnetic  field ^  a  current 
is  induced  in  the  conductor  in  such  a  direction  as  to  oppose ^  by 
its  fnechanical  action,  the  motion  to  which  the  induced  current 
is  due.     Another  way  of  stating  Lenz's  law  is  as  follows: 

When  an  electric  current  is  induced  by  the  motion  of  a  con- 
ductor through  a  magnetic  field,  the  induced  curretit  has  such 
a  direction  that  the  magtietic  field  set  up  by  the  induced  cur- 
rent tends  to  oppose  the  motion. 

In  fact,  whenever  a  current  is  induced  in  a  conductor,  no 
matter  in  what  way,  the  current  is  always  induced  in  such  a 
direction  as  to  oppose  the  inducing  agent. 

34.  The  various  terms  electromotive  force,  pressure,  dif- 
ference of  potefitial^   and  voltage  are,   in  general,   used   to 
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signify  the  same  thing;  namely,  that  force  which  tends  to 
move  a  current  of  electricity  against  the  resistance  of  a  con- 
ductor. The  value  of  the  E.  M.  F.  in  any  circuit  may  be 
calculated,  as  will  be  shown  later,  when  the  resistance  and 
current  are  known.  Measuring  instruments  have  been 
devised  to  indicate  the  E.  M.  F.  directly. 

36,  Motion  Produced  by  a  Current. — If  a  current  of 
electricity  is  caused  to  flow  through  the  conductor  ;// «,  in 
Fig.  II,  by  a  battery,  or  some  other  means  that  we  need  not 
consider  now,  then  the  reaction  between  the  field  3C  and 
the  field,  due  to  the  current  that  encircles  the  wire,  will  tend 
to  move  the  wire  with  a  force  F  such  that 

F=/xlxX,  (3) 

If  /^  is  expressed  in  dynes,  /  in  centimeters,  3C  in  lines  of 
force  per  square  centimeter,  then  /  will  be  the  strength  of 
the  electric  current  in  C.  G.  S.  units. 

The  direction  in  which  the  conductor  will  move  can  be 
determined  by  means  of  Lenz's  law.  That  is,  a  current 
flowing  in  a  conductor  will  cause  the  conductor  to  move 
across  a  magnetic  field  in  such  a  direction  that  if  the  con- 
ductor had  been  forcibly  moved  in  the  same  direction  by  an 
outside  mechanical  force,  then  the  current  so  generated 
would  flow  in  the  opposite  direction  to  the  current  that  actu- 
ally causes  the  motion  in  this  case.  The  direction  in  which 
a  current  is  induced  by  moving  a  conductor  across  a  mag- 
netic field  has  been  stated  in  Arts.  30  and  33.  Further  on 
this  subject  will  be  more  fully  treated. 

36,  A  C.  G.  8.  unit  current  may,  consequently,  be 
defined  as  a  current  of  such  strength  that,  flowing  through 
a  wire  at  right  angles  to  a  magnetic  field  of  unit  intensity, 
each  centimeter  of  the  wire  is  pushed  sidewise  with  a  force 
of  1  dyne.     This  definition  follows  from  formula  3. 

37.  The  Ampere. — The  practical  unit  of  electric  cur- 
rent is  the  ampere.  The  ampere  is  smaller  than  the 
absolute,  or  C.  G.  S.  (electromagnetic),  unit  of  current. 
One  absolute,  or  C.  G.  S.,  unit  of  current*  equals  10  amperes; 
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1  ampere  equals^  (or  10"*)  absolute,  or  C.  G.  S.,  unit  of 
current. 

A  mllliampere  is  equal  to  one  one-thousandth  {^^if)  am- 
pere. If  /  is  expressed  in  amperes,  formula  3  must  be 
written  as  follows: 

^  =  —10—         ^*> 


TIIERMOEIiECTROMOTIVB   FORCES  AND   THERMO- 

EliECTRIC    CURRENTS 

38.  A  difference  of  potential  is  developed  by  the  mere 
contact  of  two  dissimilar  metals,  and  it  varies,  not  only  with 
the  kind  of  metals  and  the  physical  condition  of  each,  but 
also  with  their  temperature.  The  greater  difference  of 
potential  developed  by  heating  a  contact  of  two  dissimilar 
metals  can  be  shown  in  the  following  way :  Solder  or  other- 
wise join  together  a  copper  and  iron  wire,  as  shown  at  d 
and  d.  Fig.  13,  and  include  somewhere  in  the  circuit  an 


Copper  Wire 


Fig.  18 


instrument  A  that  will  detect  or  measure  an  electric  current 
and  also  indicate  the  direction  in  which  it  flows  If  the 
junction  b  is  heated  to  a  temperature  of  125°  and  the  junc- 
tion d  is  kept  at  the  temperature  of  the  room,  say  65°,  then 
the  instrument  A  will  show  that  a  current  of  electricity 
flows  from  the  copper  wire  across  the  hot  junction  b  to  the 
iron  wire,  through  the  iron  wire  and  the  instrument  A 
to  the  junction  d,  then  across  this  junction  to  the  copper 
wire,  as  indicated  by  the  arrows  u 
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If  the  junction  b  is  cooled  below  the  other  parts  of  the 
circuit,  a  current  will  flow  in  the  opposite  direction,  that  is, 
from  the  iron  through  the  contact  b  to  the  copper  wire,  etc., 
that  is,  in  the  opposite  direction  to  the  arrows  i.  In  either 
case  energy  in  the  form  of  heat  is  converted  into  energy  in 
the  form  of  electricity.  This  phenomenon  is  known  as  the 
Seebeck  effect^  after  the  man  who  discovered  it. 

39.  In  general,  the  difference  of  potential  is  larger  in 
proportion  as  the  difference  of  temperature  increases.  The 
current  produced  in  a  given  circuit  will  be  proportional  to 
the  difference  in  temperature  between  the  two  junctions, 
provided  the  mean  temperature  of  the  two  junctions  has 
remained  the  same  or  nearly  the  same. 

40.  The  thermoelectromotive  force  due  to  two  junctions 
of  dissimilar  metals  depends  (1)  on  the  metals  employed,  (2)  on 
the  difference  of  temperature  between  the  junctions,  and  (3) 
on  the  mean  or  average  temperature  of  the  two  junctions. 

If  one  lead-iron  junction  is  at  a  temperature  of  149 J^°  C, 
and  another,  in  the  same  circuit,  at  150 J°  C,  it  has  been 
experimentally  determined  that  the  thermoelectromotive 
force  produced  is  18  microvolts,  the  direction  of  the  current 
at  the  hotter  junction  being  from  the  lead  to  the  iron  and  at 
the  colder  junction  from  iron  to  lead.  Hence,  there  is  an 
electromotive  force  of  18  microvolts  per  degree  C.  at  a  mean 
temperature  of  150°  C.  If  the  two  junctions  are  at  49|° 
and  50 J  °,  respectively,  the  electromotive  force  is  24  micro- 
volts. Hence,  there  is  an  electromotive  force  of  24  micro- 
volts per  degree  C.  at  a  mean  temperature  of  50°  C.  It  is 
evident,  therefore,  that  this  quantity,  which  is  called  the 
thermoelectric  power  of  a  metal,  depends  on  the  mean  tem- 
perature of  the  junctions  and  the  metals  in  contact  with  the 
lead.  The  thermoelectric  power  of  a  certain  metal  at  some 
mean  temperature  may  be  defined  as  an  experimentally 
determined  quantity  or  coefficient  by  which  to  multiply  the 
difference  in  temperature  between  two  junctions  formed  by 
that  metal  and  lead,  the  two  temperatures  of  the  two  junc- 
tions being  such  as  to  give  the  mean  temperature,  in  order 
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to  obtain  the  electromotive  force  of  the  two  junctions  in 
microvolts.  The  values  18  and  24  microvolts,  just  given, 
are  the  vertical  distances  between  the  lead  and  iron  lines  at 
150°  and  60°,  respectively,  in  Fig.  14. 

From  the  direction  in  which  the  current  flows,  it  follows 
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Fig.  14 

that  the  difference  of  potential  between  iron  and  lead  is 
greater  at  the  colder  junction  than  at  the  hotter  junction, 
and  that  the  entire  piece  of  iron  is  at  a  higher  or  positive 
potential  with  reference  to  the  lead.  This  will  be  evident 
if  the  iron  and  lead  lines  in  Fig.  14  are  carefully  studied 
after  reading  the  following  article. 
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There  appears  to  be  no  thermoelectric  difference  of  poten- 
tial between  hot  and  cold  lead  when  they  are  made  to  touch 
each  other;  in  this  respect  lead  differs  from  other  metals. 
For  this  reason  lead  is  taken  as  the  standard  v/ith  which  to 
compare  the  thermoelectric  power  of  other  metals. 

41.  Thermoelectric  I>lasnntiii. — The  relation  between 
thermoelectric  powers  of  various  metals  is  clearly  shown  by 
what  is  called  the  thermoelectric  diagram  given  in  Fig.  14. 
The  lines  representing  the  various  materials  in  this  diagram 
have  been  plotted  from  data  experimentally  determined. 
In  this  figure  each  division  along  the  horizontal  line  repre- 
sents 50°  C,  and  each  division  along  the  vertical  line  rep- 
resents 5  microvolts  per  degree  C.  The  thermoelectromotive 
force  due  to  two  junctions  between  any  of  the  metals  there 
given  can  be  readily  determined  from  the  diagram  in  the 
following  manner: 

Draw  two  vertical  lines'  (perpendicular  to  the  lead  line) 
through  points  corresponding  to  the  temperatures  of  the  two 
junctions,  and  extend  these  two  vertical  lines  sufficiently  to 
cross  the  lines  representing  the  thermoelectric  power  of  the 
two  substances  forming  the  two  contacts.  Then  the  elec- 
tromotive force  in  the  circuit,  due  to  the  difference  in  tem- 
perature between  the  two  junctions,  is  equal  to  the  area 
enclosed  by  the  two  vertical  lines  and  the  two  lines  repre- 
senting the  thermoelectric  power  of  the  two  substances. 
Thus,  the  area  abdc  is  equal  to  the  electromotive  force  in 
a  circuit  containing  two  junctions  of  copper  and  iron  when 
one  junction  is  at  25°  C.  and  the  other  at  125°  C. 

The  area  in  any  case  may  be  obtained  by  multiplying  the 
difference  between  the  temperatures  of  the  two  junctions  by 
the  length  of  the  vertical  line  erected  at  a  point  midway 
between  the  temperatures  of  the  two  junctions,  extending 
from  one  to  the  other  of  the  two  lines  representing  the 
thermoelectric  powers  of  the  two  substances. 

In  the  case  of  copper  and  iron,  with  the  two  junctions  at 
the  temperatures  25°  C.  and  125°  C,  respectively,  the  ther- 
moelectromotive force  is  equal  to  125  ~  25  =  100  (represented 
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by  the  horizontal  distance  ;«;/),  multiplied  by  the  length  of 
the  vertical  line  ef.  The  line  ef  is  really  the  thermoelectric 
power  of  the  two  metals  copper  and  iron  when  the  mean 
temperature  of  the  two  junctions  is  75°  C. 

42.  Theiinoeleetrlc  Inversion.  —  Such  a  point  as  ?, 
where  the  lines  of  two  substances  intersect,  is  called  the 
nciiiral  temperature^  or  the  point  of  inversion  of  the  two  sub- 
stances. When  the  junction  of  two  substances  is  at  their 
neutral  temperature,  there  is  no  electromotive  force  produced 
at  that  junction.  Furthermore,  if  one  substance  is  thermo- 
electrically  positive  to  another  at  a  temperature  below  their 
neutral  point,  the  former  will  be  thermoelectrically  negative 
to  the  other  at  a  temperature  above  their  neutral  point. 

In  computing  the  thermoelectromotive  force  in  case  the 
neutral  temperature  lies  between  the  temperatures  of  the 
two  junctions,  the  smaller  area  on  one  side  of  the  neutral 
point  must  be  subtracted  from  the  larger  area  on  the  oppo- 
site side  of  the  neutral  point. 

43.  If  two  dissimilar  substances  are  joined  at  one  point 
and  the  two  free  ends  connected  by  a  third  substance,  for 
instance,  a  long  copper  wire,  the  thermoelectromotive  force 
developed  will  be  exactly  the  same  as  if  the  two  substances 
were  connected  directly  together  without  the  aid  of  the 
third  substance,  provided  the  two  free  ends  that  are  joined 
to  the  copper  are  at  the  same  temperature. 

44.  If  a  battery  is  connected  in  a  circuit  composed  of 
two  dissimilar  wires,  the  current  that  passes  across  the  junc- 
tions will  heat  one  and  cool  the  other,  depending  on  the 
direction  of  the  current.  This  is  known  as  the  Peltier  effect , 
after  its  discoverer.  It  is  the  reverse  of  the  Seebeck  effect. 
Suppose  the  candle  r.  Fig.  13,  is  removed,  the  two  junctions 
then  being  at  the  same  temperature,  and  a  voltaic  cell  con- 
nected in  the  circuit  somewhere,  as  at  ;;/,  so  as  to  send  a 
current  through  the  circuit  in  the  direction  of  the  arrows  i. 
The  current  produced  by  the  voltaic  cell  is  opposed  by  the 
contact  difference  of  potential  that  exists  between  iron  and 
copper   at  the   junction  b   and  is  assisted  by  the   contact 
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difference  of  potential  that  exists  at  the  junction  d.  Then 
the  junction  b  will  be  cooled  and  the  junction  d  will  be 
heated,  provided  both  junctions  are  at  least  below  about 
160°  C,  which  is  the  point  of  inversion  of  copper  and  iron. 
At  the  junction  cooled,  heat  is  absorbed  and  converted  into 
electrical  energy,  and  at  the  junction  heated,  electrical 
energy  is  converted  into  heat. 

46.  Even  the  same  metal  in  different  physical  conditions 
will  develop  a  difference  of  potential  if  heated  in  a  certain 
place.  For  instance,  take  an  iron  wire  and  heat  it  at  some 
point.  Then  the  hotter  portion  is  at  a  lower  potential  than 
the  colder  portion,  and  there  is  a  tendency  for  current  to 
flow  from  the  colder  to  the  hotter  portion.  Copper  would 
behave  just  the  reverse,  as  is  evident  from  the  direction  of 
the  copper  and  iron  lines  in  Fig.  14.  Furthermore,  if 
a  current  flows  through  a  wire  whose  temperature  is  not 
uniform  throughout,  some  portion  of  the  wire  is  heated  or 
cooled,  depending  on  the  direction  of  the  current.  This  is 
known  as  the  Thomson  effect^  after  Sir  William  Thomson,  or 
Lord  Kelvin,  who  discovered  it. 

In  some  substances,  for  instance,  copper,  zinc,  and  cad- 
mium, the  electric  current  causes  an  absorption  of  heat, 
that  is,  produces  a  cooling  effect,  when  the  current  flows  in 
the  direction  in  which  the  temperature  is  increasing,  that 
is,  from  a  cold  to  a  hotter  portion  of  the  same  metal,  and 
vice  versa.  In  some  substances,  for  instance,  iron,  mercury, 
cobalt,  German  silver,  and  nickel,  on  the  other  hand,  there 
is  an  absorption  of  heat  when  the  current  flows  from  a  hot 
to  a  colder  portion  of  the  same  substance.  This  effect  is 
even  more  feeble  than  the  Seebeck  and  Peltier  effects,  and 
all  of  them  are  usually  very  small,  indeed,  compared  with 
the  ordinary  heating  of  a  wire  that  is  produced  by  an  electric 
current. 

46.  Vso  of  Thermoelectrie  Currents. — On  account  of 
the  small  difference  of  potential  of  thermoelectric  currents, 
they  have  not  been  found  of  great  practical  value,  except  in 
determining  high  and  very  low  temperatures,  but  they  often 
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become  a  source  of  great  annoyance  and  error  in  accurate 
measurements  with  delicate  instruments. 

47.  Thermoelectric  Pyrometer. — An  arrangement  of 
electrical  apparatus  for  measuring  high  temperatures  by 
measuring  the  strength  of  current  produced  by  the  Seebeck 
effect  is  known  as  a  thermoelectric  pyrometer.  The  one 
known  as  Le  Chatelier's  pyrometer  consists  of  a  piece  of 
platinum  wire  fused  to  a  piece  of  platinum-rhodium  wire; 
the  two  free  ends,  which  are  kept  close  together,  and  hence 
at  the  same  temperature,  usually  that  of  the  atmosphere,  are 
connected  by  means  of  copper  wire  with  some  instrument 
capable  of  measuring  small  electric  currents.  The  fused 
junction  is  usually  protected  by  a  fireclay  tube  closed  at  one 
end.  The  wires  mentioned  are  used  because  their  melting 
point  is  extremely  high,  and  such  a  junction  can  be  used 
for  determining  temperatures  up  to  about  the  melting  point 
of  platinum,  which  is  3,227°  F. 

48.  Thermoelectric  Piles. — Although  the  electromo- 
tive force  due  to  two  junctions  at  two  different  temperatures 
may  be  quite  small,  nevertheless  it  is  possible  to  arrange  a 
large  number  of  junctions  in  series  in  one  circuit  so  as  to 
measure  extremely  small  differences  in  temperature.  Such 
an  arrangement  of  thermoelectric  couples  is  called  a  ther- 
moelectric pile.     If  the  junctions  are  arranged  in  series  in 
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one  circuit,  as  shown  in  Fig.  15,  whereby  one  set  of  alternate 
junctions  is  exposed  to  one  temperature  and  the  other  set 
to  another  temperature,  the  electromotive  forces  of  all  pairs 
act  in  the  same  direction  and  the  total  electromotive  force 
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developed  is  proportional  to  the  number  of  pairs  of  junctions 
used.  By  connecting  the  ends  a  and  ^  to  a  galvanometer  G, 
which  is  an  instrument  capable  of  measuring  very  small 
currents,  it  is  possible  to  determine  very  small  differences 
of  temperature.  For  very  small  differences  of  temperature 
the  currents  produced  are  proportional  to  the  differences 
of  temperature  between  the  hot  and  cold  junctions. 

A  thermopile,  made  by  Melloni,  of  a  very  large  number 
of  pairs  of  bismuth  and  antimony  and  arranged  in  the  form 
shown  at  Z>,  in  Fig.  16,  is  said  to  have  been  sufficiently  sensi- 
tive to  detect  the  heat  radiated  by  a  fixed  star  or  by  the 
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hand.  (7  is  a  galvanometer  used  for  measuring  the  very 
small  currents  produced  by  the  thermopile.  For  the  detec- 
tion of  small  differences  of  temperature,  the  resistance  of 
the  circuit,  including  the  thermopile  and  the  galvanometer, 
must  be  very  low  and  the  galvanometer  must  be  very 
sensitive.  The  two  tubes  a  and  ^,  which  are  shown 
removed  in  Fig.  16,  when  in  place  screen  the  junctions  of 
the  thermopile  from  undesired  radiations. 

With  a  thermopile  made  of  German  silver  and  an  alloy  of 
zinc  and  antimony,  with  one  set  of  junctions  arranged 
around  an  inner  circle  and  the  other  set  around  an  outer 
circle,  the  inner  set  being  heated  by  a  gas  flame  and  the 
outside  set  being  kept  cool  by  flowing  water,  it  is  possible 
to  develop  .04  volt  per  pair  of  elements.  In  this  arrange- 
ment, originally  due  to  Clamond,  the  source  of  energy  is  the 
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gas  flame.  Similar  thermopiles  have  been  tested  by  a 
telephone  company  in  this  country  with  the  intention  of  sub- 
stituting them  for  primary  batteries,  but  were  not  adopted. 
They  are  not  efficient  on  account  of  the  great  heat  losses, 
and  hence  have  not  been  used  commercially. 


CURRENT  AND  QUANTITY  OF  EliECTRICITY 

49.  It  will  be  well  to  consider  here  the  relation  between 
an  electric  current  and  quantity  of  electricity.  The  strength 
of  an  electric  current  can  be  described  as  a  quantity  of  elec- 
tricity flowing  continuously  past  a  given  point  every  second, 
or,  in  other  words,  it  is  the  rate  of  flow  of  electricity,  just 
as  the  current  expressed  in  gallons  per  minute  is  the  rate  of 
flow  in  liquids.  When  one  practical  unit  quantity  of  elec- 
tricity is  flowing  every  second,  continuously,  then  the  rate 
of  flow  or  the  strength  of  the  current  is  1  ampere ;  if  two 
unit  quantities  are  flowing  continuously  every  second,  then 
the  strength  of  the  current  is  2  amperes,  and  so  on.  It 
makes  no  difference  in  the  number  of  amperes  whether  the 
current  flows  for  a  long  period  or  for  only  a  fraction  of  a 
second;  if  the  quantity  of  electricity  that  would  flow  in 
1  second  is  the  same  in  both  cases,  then  the  strength  of  cur- 
rent in  amperes  is  the  same. 

50.  Electricity  possesses  neither  weight  nor  extension, 
and,  therefore,  an  electric  current  cannot  be  measured  by 
the  usual  methods  adopted  for  measuring  liquids  or  gases; 
The  quantity  of  a  liquid  that  has  passed  a  given  point  in  a 
certain  time  may  be  measured  by  actually  weighing  the 
liquid.  By  dividing  the  weight  obtained  by  the  time  elapsed, 
the  rate  of  flow,  that  is,  the  quantity  flowing  per  second,  is 
obtained.  The  water  flowing  in  a  pipe  is  usually  measured 
by  means  of  a  water  meter  that  indicates  the  number  of 
cubic  feet  of  water  that  pass  through  it  in  a  certain  time. 
This  quantity  of  water  divided  by  the  time  in  seconds  would 
give  the  average  rate  at  which  water  flowed  through  the 
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meter,  that  is,  the  number  of  cubic  feet  per  second.  This 
rate  at  which  the  water  flows  corresponds  to  the  strength  of 
an  electric  current,  and  the  total  number  of  cubic  feet  of 
water  to  the  quantity  of  current  passing  in  a  given  time. 

However,  the  strength  of  an  electric  current  is  easier  to 
measure  and  generally  more  useful  in  practical  work  and  in 
calculations  than  the  quantity  of  electricity  that  passes  in  a 
given  time. 


QUANTITY  OF  KT^ECTIIICITY 

51.  The  Coiilomb. — A  C.  G.  8.  (electromagnetic)  unit 
of  quantity  of  an  electric  current  is  that  quantity  which 
is  conveyed  by  a  C.  G.  S.  unit  current  in  1  second. 

The  practical  unit  of  quantity  of  an  electric  current  is  the 
coulomb. 

The  coulomb  is  smaller  than  the  absolute  electromagnetic 
unit  of  quantity  of  current.  One  absolute,  or  C.  G.  S.,  elec- 
tromagnetic unit  equals  10  coulombs;  1  coulomb  equals  yV 
(or  10"*)  absolute,  or  C.  G.  S.,  electromagnetic  unit. 

62.  Relation  of  Ampere  and  Coulomb. — The  relation 
of  the  ampere  and  the  coulomb  may  be  made  clear  by  the 
water-flow  analogy : 

IV/ien  a  current  of  w^bX^t  flows  through  a  pipe ^  then,  if  the 
current  has  a  certain  fixed  strength,  a  definite  quantity  of 
water  will  pass  some  point  in  a  given  time. 

When  a  current  of  electricity  flozvs  through  a  conductor, 
then,  if  the  current  has  a  certain  fixed  strength  in  amperes, 
a  definite  number  of  coulombs  of  electricity  will  pass  some 
point  in  a  given  time. 

53.  The  coulomb  may  be  further  defined  as  being  such 
a  quantity  of  electricity  as  would  pass  in  1  second  through 
a  circuit  in  which  the  strength  of  the  current  is  1  ampere. 

One  coulomb  delivered  per  second  therefore  represents  a 
current  of  1  ampere. 

One  ampere  flowing  for  1  second  will  deliver  1  coulomb. 
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If  Q=  quantity  of  electricity  in  coulombs; 

/  =  strength  of  current  in  amperes; 
/  =  time  in  seconds; 

then,  Q  =  f^  (5) 

By  transposition,     ^  =  7  ^^^  ^  ^  T 

Example. — Find  the  quantity  of  electricity  in  coulombs  that  flows 
around  a  circuit  in  \\  hours,  when  the  strength  of  current  is  12  amperes. 

Solution. — By  formula  5,  the  quantity  of  electricity 

g  =  //  =  13  X  1.5  X  8,600  =  64,800  coulombs.    Ans. 


EXAMPLES  FOB  PRACTICE 

1.  Find  the  quantity  of  electricity  in  coulombs  that  passes  in  a 
circuit  in  which  a  current  of  40  amperes  flows  for  55  seconds. 

Ans.  2,200  coulombs 

2.  Find  the  quantity  of  electricity  in  coulombs  that  passes  in  a 
circuit  in  which  a  current  of  13  amperes  flows  for  15  minutes. 

Ans.  11,700  coulombs 

3.  In  1  hour,  36,000  coulombs  of  electricity  pass  through  a  closed 
circuit.  If  the  flow  is  uniform  during  that  time,  what  is  the  strength 
of  the  current  ?  Ans.  10  amperes 

4.  How  long  will  it  take  72,000  coulombs  of  electricity  to  pass  in  a 
circuit  in  which  the  strength  of  current  is  4  amperes  ?       Ans.  5  hours 


CURRENT 

54,  The  strength  of  an  electric  current  is  determined 
directly  by  the  effect  it  produces,  and  the  quantity  of  elec- 
tricity that  passes  in  a  given  time  may  be  then  calculated, 
if  it  is  needed,  by  multiplying  the  strength  of  the  current 
by  the  time. 

The  principal  effects  produced  by  an  electric  current  are 
magnetic  attractions  and  repulsions,  chemical  decomposition, 
and  heating  and  luminous  effects;  of  these,  the  three  by 
means  of  which  the  strength  of  current  is  most  generally 
measured  are:  (1)  the  action  of  a  conductor  or  coil,  through 
which  the  current  flows,  on  a  magnetic  needle  or  on  another 
coil  through  which  a  current  is  flowing,  or  the  action  of  a 

43—6 
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magnet  on  a  conductor  or  coil  through  which  the  current 
flows;  (2)  its  chemical  actions;  and  (3)  the  expansion  of  a 
conductor  due  to  its  being  heated  by  the  current  that  flows 
through  it.  These  methods  will  be  treated  in  the  section  on 
Electrical  Measurements,  However,  an  illustration  of  one  of 
the  methods  used  in  measuring  electric  currents,  and  also  a 
mode  of  determining  the  value  of  1  ampere,  will  be  given. 

65,  Electrolysis. — A  current  of  electricity,  when  passing 
through  water,  decomposes  it  into  two  elements,  hydrogen 
and  oxygen.  The  separation  of  a  chemical  compound  into 
its  constituent  parts  or  elements  by  an  electric  current  is 
called  electrolysis.  The  quantity  of  water  decomposed  is 
.  proportional  to  the  strength  of  the  current  flowing,  and  also 
to  the  time  during  which  it  flows.  For  example,  if  a  cur- 
rent of  2  amperes  flowing  for  1  second  decomposes  a  certain 
quantity  of  water,  then  a  current  of  4  amperes  flowing  for 
1  second  will  decompose  twice  that  quantity,  and  if  it  flows 
for  2  seconds,  it  will  decompose  4  times  the  original  quantity. 
Consequently,  a  unit  strength  of  current  will  decompose  a 
certain  quantity  of  water  in  a  certain  time. 

56.  It  has  been  experimentally  determined  and  univer- 
sally accepted  that  1  ampere  is  that -strength  of  current 
which  will  decompose  .00009349  gram,  or  .0014427  grain,  of 
water  in  1  second. 

Let  W ■=.  mass  of  water  decomposed  in  grams; 
w  =  mass  of  water  decomposed  in  grains; 
/  =  time  in  seconds  required  for  decomposition ; 
/  =  current  in  amperes. 

Then  the  strength  of  the  current  in  amperes  is  given  by 
the  formulas 

W 

~/X  .00009349  ^^ 

/=  ^ (7) 

/X. 0014427  ^    ' 

Rule.  —  To  find  the  strejigth  of  an  electric  current  in 
amperes  by  the  decomposition  of  water ^  divide  the  mass  of 
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water  decomposed  by  the  time  in  seconds  required  to  decom- 
pose it,  and  then,  if  the  mass  of  zvatcr  is  expressed  in  grams, 
divide  the  quotient  by  ,000093 J^d;  but  if  expressed  in  grains, 
divide  by  M01U27. 

57.     By  transposing  the  preceding  two  formulas,  we  get 

W=IxtX  .  00009349         (8) 

and  w  =  /xtx.  0014427  (9) 

Rule. —  To  find  the  mass  of  water  that  an  electric  current 
of  a  given  strength  can  decompose  in  a  given  time,  multiply 
the  strength  of  the  current  in  amperes  by  the  time  in  seconds 
during  which  the  current  flows,  and  then,  if  the  mass  of 
water  is  to  be  expressed  in  grams,  multiply  the  product  by 
,000098 Jfi;  but  if  in  grains,  multiply  by  .001U27. 

Example  1. — The  current  from  a  voltaic  cell  decomposes  water  at 
the  rate  of  1.29492  grains  per  hour;  what  is  the  strength  of  current  in 
amperes  ? 

Solution. —    1  hour  =  3,600  seconds.     By  formula  7,  the  strength 

of  current 

-  1.29492  o^  . 

^=  3.600  X. 0014427  =  -^^"'P^'"^'     ^''^' 

Example  2. — Find  the  number  of  grams  of  water  decomposed  in 
3  hours  by  a  current  of  6  amperes. 

Solution. —  3  hours  =  10,800  seconds.  By  formula  8,  the  mass  of 
water  decomposed 

IV  =  .00009349  X  6  X  10,800  =  6.058  grams.    Ans. 


EXAMPLE  FOR  PRACTICE 

What  strength  of  current  will  be  required  to  decompose  25  grains  of 
water  in  4  hours  ?  ^       Ans.  1.203  amperes 

68.  If  a  current  is  made  to  flow  from  a  silver  electrode 
through  a  neutral  solution  of  silver  nitrate  to  a  platinum 
electrode,  then  silver  will  be  deposited  on  the  platinum  elec- 
trode. By  weighing  the  silver  deposited  in  a  given  time,  the 
current  flowing  can  be  very  accurately  calculated,  because 
the  amount  deposited  by  1  ampere  in  1  second  (.001118  gram) 
has  been  very  accurately  determined  experimentally.    Hence, 
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it  has  been  universally  accepted  that  the  ampere  is  an  unva- 
rying current  of  such  a  strength  that  it  will  deposit  silver 
(out  of  a  neutral  solution  of  silver  nitrate,  consisting  of 
15  parts,  by  weight,  of  silver  nitrate  and  85  of  water)  at  the 
rate  of  .001118  gram  per  second.  This  ampere  is  called  the 
international  ampere^  because  this  specification  was  adopted 
by  an  international  convention  of  electrical  engineers  in  1893. 
This  is  the  standard  on  which  all  accurate  measurements  of 
unvarying,  or  steady,  currents  are  based. 


RESISTANCE 


HEATING  EFFECT  DUB  TO  RESISTANCE 

69.     If  a  thin  piece  of  wire  is  connected  across  the  elec- 
trodes of  a  voltaic  cell,  the  wire  may  be  so  heated  as  to 

become  red  or  white  hot. 
The  wire  resists  the  pas- 
sage of  a  current  through 
it,  and  the  electrical  en- 
ergy necessary  to  force 
the  current  through  the 
wire  against  its  resist- 
ance is  converted  into 
heat. 

The  following  experi- 
ment shows  the  principle 
of  a  method  employed  by 
Joule  to  determine  the 
relation  existing  between 
the  current  /  flowing 
through  a  conductor  and 
the  heat  \V  produced. 
In  the  glass  vessel  M^ 
'^^^^  ^"  Fig.    17,  containing  pure 

alcohol,  place  a  thermometer  d  and  a  conductor  a  be.     By 
carefully  measuring  the  current  /  (in  C.  G.  S.  units)  that 


t 
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flows  through  the  conductor  by  the  instrument  A,  and  the 
heat  JV  (in  ergs)  produced  in  a  certain  time  /  (in  seconds), 
it  was  determined  that 

jr=  /•  R  t  (10) 

That  is,  the  heat  produced  in  a  conductor  by  a  current  is 
proportional  to  the  time  /  during  which  the  current  flows, 
to  the  square  of  the  current  /,  and  to  a  property  R  of  the 
conductor  called  its  resistance.     In  other  words,  the  resist- 

R  =  -pr-f)  is  equal  to  the  heat  produced 

divided  by  the  product  of  the  square  of  the  current  /  and 
the  time  /  during  which  the  current  continues  to  flow.  The 
amount  of  work,  or  heat,  W  was  determined  from  the 
weight  of  water  and  its  rise  in  temperature,  and  the  appli- 
cation of  well-known  laws  relating  to  heat. 

60.  C.  G.  8.  Unit  of  Resistance. — If,  in  formula  lO, 
W^  is  1  erg,  /  1  C.  G.  S.  unit  of  current,  and  /  1  second, 
then  ^  is  1  C.  G.  S.  unit  of  resistance.  Therefore,  a  con- 
ductor has  1  C.  G.  S.  (electromagnetic)  unit  of  resistance 
whenlC.  G.  S.  (electromagnetic)  unit  of  current  will  develop 
heat  in  the  wire  at  the  rate  of  1  erg  per  second. 

61.  The  olini  is  the  practical  unit  of  resistance.  It  is 
equal  to  1,000,000,000  C.  G.  S.  electromagnetic  units  of 
resistance;  in  other  words,  the  ohm  =  10"  C.  G.  S.  units 
of  resistance.  Hence,  the  ohm  is  larger  than  the  C.  G.  S. 
unit  of  resistance. 

One  C.  G.  S.  unit  of  resistance  equals  one-billionth 
(xmroVinnnr.  ^r  10"')  ohm. 

62.  The  Joule. — If  /  is"  expressed  in  amperes,  R  in 
ohms,  and  /  in  seconds,  then 

J^PRt  (11) 

and  the  product  P  R  t  is  the  work  expended  in  joules,  to 
designate  which  the  letter  J  is  used.  The  Joule  is  the 
practical  electromagnetic  unit  of  electrical  work.  The 
joule  is  the  amount  of  energy,  or  work,   expended    when 
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1  ampere  continues  to  flow  through  a  resistance  of  1  ohm 
for  1  second.  The  unit  of  electrical  work  and  its  relation 
to  mechanical  units  of  work  and  to  heat  units  will  be  fully 
discussed  later. 

Example. — How  much  energy  in  joules  is  expended  in  a  circuit 
during  1|  hours  when  the  strength  of  current  is  14.2  amperes  and  the 
resistance  of  the  circuit  is  8  ohms  ? 

Solution. — First  reduce  the  time'  to  seconds.  1.25  x  60  x  60  = 
4»500  seconds.  By  formula  11,  the  electrical  energy  in  joules  =  / 
=  /*  ^  /  =  14.2  X  14.2  X  8  X  4,600  =  7.259,040  joules.     Ans. 

TABIiE    II 


VARIOUS  VALUES  OF  TUB  OHM 


Name 

Height  of 
Mercury 
Column 

Cross-Sec- 
tion of 

Mercury 
Column 

Use 

British   Associa- 

• 

tion  unit,  writ- 

ten B.  A.  U. . . 

104.8  cm. 

1  sq.  mm. 

Out  of  use,  because 
incorrect. 

Legal  ohm 

106.0  cm. 

1  sq.  mm. 

Going  out  of  use, 
because  it  is  not  as 
correct  as  the  fol- 

International 

lowing. 

ohm  (now  com- 

monly called 

ohm). 

106.3  cm. 

1  sq.  mm. 

Latest  and  most  ex- 
act determination. 
Correct  within-y^^j^ 
part.  Now  used 
in  technical  meas- 
urements and  cal- 
culations. 
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63,  The  ohm  is  the  only  unit  in  electrical  measurements 
for  which  a  material  standard  can  be  adopted.  The  basis  of 
any  system  of  physical  measurements  is  generally  some 
material  standard  conventionally  adopted  as  the  unit;  phys- 
ical measurements  in  each  system  are  made  by  comparison 
with  the  unit  of  that  system. 

The  idea  of  utilizing  a  column  of  mercury  of  1  square 
millimeter  cross-section  at  0°  C.  as  the  practical  unit  of 
resistance  has  been  universally  adopted,  but  it  is  a  very 
difficult  matter  to  accurately  determine  the  exact  height  of 
this  column.  There  are,  therefore,  various  values  of  the 
unit  often  found  quoted^  Table  II  gives  the  most  important 
of  these  various  values  in  tabular  form,  with  annotations 
denoting  their  use. 

64.  The  relative  values  of  these  units,  as  accepted  by 
United  States  Bureau  of  Standards,  are  as  follows: 

TABLE  III 

1  international  ohm  =  1.01348  B.  A.  U. 
1  international  ohm  =  1.00283  legal  ohms 

1  legal  ohm  =    .997178  international  ohm 

1  legal  ohm  =  1.0106  B.  A.  U. 

1  B.  A.  U.  =    .986699  international  ohm 

1  B.  A.  U.  =    .98949  legal  ohm 

66.  The  legal  ohm  has  been  extensively  used,  and  many 
resistance  coils  still  in  use  were  calibrated  in  legal  ohms. 
However,  international  ohms  are  now  legalized  and  are 
rapidly  coming  into  general  use.  Most  all  instruments  con- 
taining resistance  coils  that  were  made  since  about  1893 
were  calibrated  in  international  ohms.  When  the  ohm  is 
mentioned,  we  understand  thereby  the  resistance  of  a  col- 
umn of  mercury  106.3  cm.  high,  having  a  cross-section 
of  1  sq.  mm.,  at  0°  C.  (or  32°  F.). 

66.  Mlcrolim. — It  very  often  occurs- in  practical  work 
that  exceedingly  small  resistances  are  to  be  measured,  for 
which  the  ohm  as  a  unit  causes  unnecessary  labor,  because 
so  very  large.  The  absolute  unit  of  resistance,  on  the  other 
hand,  is  too  small  to  do  very  well.     Therefore,  to  facilitate 
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calculations  and  measurements,  a  unit  is  used  for  such  work 
having  the  value  of  one-millionth  (roooinro)  ohm.  This 
derived  practical  unit  is  called  the  luicrohm.  Therefore, 
to  express  the  resistance  in  microhms,  multiply  the  resist- 
ance in  ohms  by  1,000,000;  and,  conversely,  to  express  the 
resistance  in  ohms,  divide  the  resistance  in  microhms 
by  1,000,000.  For  example,  .0075  ohm  =  .0075  X  1,000,000 
=  7,500  microhms,  or  7,500  microhms  =  ja^oVo^oo  =0075  ohm. 

67.  Megrohm. — Another  similarly  derived  practical  unit 
is  the  megohm,  devised  to  facilitate  calculations  and  meas- 
urements of  exceedingly  large  resistances,  and  is  equal  to 
1,000,000  ohms.  Therefore,  to  express  the  resistance  in 
megohms,  divide  the  resistance  in  ohms  by  1,000,000;  and, 
conversely,  to  express  the  resistance  in  ohms,  multiply 
the  resistance  in  megohms  by  1,000,000.  For  example, 
8,500,000  ohms  =  ?JS2u!18  =  8-5  megohms,  or  8.5  megohms 
=  8.5  X  1,000,000  =  8,500,000  ohms. 

The  megohm  is  used  mainly  in  the  determination  of  the 
resistance  of  non-conductors  and  insulators. 


EXAMPLES   FOR   PIIACTICE 

1.  Give  the  equivalent  resistance  in  microhms  of  .00425  ohm. 

Ans.  4,250  microhms 

2.  Give  the  equivalent  resistance  in  ohms  of  375  microhms. 

Ans.  .000375  ohm 

3.  Give  the  equivalent  resistance  in  megohms  of  4,560,000  ohms. 

Ans.  4.56  megohms 

4.  Give  the  equivalent  resistance  in  ohms  of  62.5  megohms. 

Ans.  62,500,000  ohms 


OHM'S  LAW 

68,  In  every  electrical  circuit  there  are  particularly  three 
factors,  the  true  relation  of  which  must  be  clearly  understood. 
These  three  factors  are : 

1.  The  force  tending  to  move  the  electricity. 

2.  The  rate  of  flow  of  the  electricity. 
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3.  The  resistance  which  the  force  must  overcome  to  pro- 
duce the  flow  of  electricity. 

These  factors  are  respectively  termed: 

1.  The  electromotive  force  (written  E.  M.  F.  or  E). 

2.  *  The  current  (written  /). 

3.  The  resistance  (written  R). 

69.  The  relation  of  the  three  principal  factors  will  be 
better  understood  by  comparison  with  the  flow  of  water 
through  a  pipe.  The  force  that  causes  the  water  to  flow 
through  the  pipe  is  due  to  the  head  or  pressure ;  that  which 
resists  the  flow  is  the  friction  of  the  water  against  the  inside 
of  the  pipe,  and  varies  with  circumstances.  The  rate  of 
flow,  or  the  current,  may  be  expressed  in  gallons  per  minute, 
and  is  a  ratio  between  the  head  or  pressure  and  the  resist- 
ance caused  by  the  friction  of  the  water  against  the  inside  of 
the  pipe.  For,  as  the  pressure  or  head  increases,  the  rate 
of  flow  or  current  increases  in  proportion ;  as  the  resistance 
increases,  the  flow  or  current  diminishes. 

'  In  the  case  of  a  continuous  current  of  electricity  flowing 
through  a  conductor,  the  electromotive  force  corresponds  to 
the  pressure  or  head  of  water,  and  the  resistance  that  a 
conductor  offers  to  the  continuous  current  to  the  friction  of 
the  water  in  the  pipe.  The  strength  of  a  continuous  current 
of  electricity  or  the  rate  of  flow  of  a  continuous  current  of 
electricity  is  also  a  ratio — a  ratio  between  the  electromotive 
force  and  the  resistance  of  the  conductor  through  which 
the  current  is  flowing.  This  ratio,  as  applied  to  electricity, 
was  first  discovered  by  Dr.  G.  S.  Ohm,  and  has  since  been 
called  Ohm's  la^v. 

70.  Ohm's  liaw. —  The  strength  of  a  continuous  current 
of  electricity  in  a  circuit  is  directly  proportional  to  the  electro- 
motive force^  and  inversely  proportional  to  the  resistance  of 
the  circuity  and  is  equal  to  the  quotient  arising  from  dividing 
the  electromotive  force  by  the  resistance, 

.  Ohm's  law  may  be  written  thus: 
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,     .  electromotive  force 

strength  of  current  = r— , 

®  resistance         ' 

and  is  usually  expressed  algebraically  as  follows: 

71.  Ohm's  law  expresses  the  relation  between  the  three 
units  of  resistance,  electrical  pressure,  and  current.  If  any 
two  of  these  values  are  known,  the  third  is  found  by  solving 
the  simple  equation  of  their  relation. 

The  law  may  now  be  stated  in  practical  units  by  the  fol- 
lowing rules  and  formulas: 

72,  Rule  I. —  The  strength  in  amperes  of  a  continuous 
current  {/)  jloiving  in  a  closed  circuity  when  the  electromotive 
force  (E)  and  the  total  resistance  {R)  are  known^  is  found 
by  dividing  the  electromotive  force  in  volts  by  the  total 
resistance  in  ohms;  that  is, 

^  .  electromotive  force  in  volts 

current  m  amperes  =  : : -. . 

resistance  in  ohms 

or  /=!  (12) 

Rule  II. —  The  total  resistance  of  a  closed  circuit  {R)  in 
ohms,  when  the  electromotive  force  {£)  and  the  continuous 
current  (/)  are  known,  is  found  by  diindijig  the  electromotive 
force  in  volts  by  the  current  in  amperes;  that  is, 

,  electromotive  force  in  volts 

resistance  in  ohms  = --; -, 

current  in  amperes 

or  R^j  (13) 

Rule  III. —  The  total  electromotive  force  {£)  in  volts  devel- 
oped in  a  closed  circuit,  when  the  contijtuous  current  {/)  and 
the  total  resistance  (R)  are  known,  is  foufid  by  multiplying 
the  current  ifi  amperes  by  the  total  resistance  in  ohms;  that  is, 

electromotive  force  in  volts  =  current  in  amperes 

X  resistance  in  ohms, 

or  E=IxR        (14) 
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73.  The  quantities  /,  -£,  and  R  in  the  foregoing  formulas 
may  also  be  expressed  or  measured  in  C.  G.  S.  units  as  well 
as  in  amperes,  volts,  and  ohms,  but  when  using  a  formula  all 
three  quantities  must  be  expressed  in  the  same  system  of 
units.  For  example,  /  must  not  be  expressed  in  amperes 
and  R  in  C.  G.  S.  units,  nor  can  R  be  expressed  in  microhms 
or  megohms. 

As  we  have  now  learned  the  use  of  Ohm's  law,  it  may  be 
well  to  give  some  additional  information  regarding  the  rela- 
tion of  the  units  to  one  another. 

74.  Referring  to  formula  14,  we  have  volts  =  amperes 
X  ohms.  It  follows  from  this  that  a  volt  would  be  that 
electromotive  force,  or  difference  of  potential,  that  would 
force  a  current  of  1  ampere  through  a  resistance  of  1  ohm. 

A  C.  G.  8.  unit  of  difference  of  potential  (or  of  elec- 
tromotive force)  would  be  that  difference  of  potential  (or 
electromotive  force)  that  would  force  1  C.  G.  S.  unit  of 
current  through  a  conductor  having  1  C.  G.  S.  unit  of 
resistance. 

75.  The  ohm  may  be  defined  as  the  resistance  that  a 
conductor  possesses  when  a  difference  of  potential  of  1  volt 
between  its  two  ends  causes  a  current  of  1  ampere  (that  is, 
1  coulomb  per  second)  to  flow  through  it. 

A  C.  G.  8.  unit  of  resistance  may  be  defined  as  the 
resistance  that  a  conductor  possesses  when  a  C.  G.  S.  unit 
of  difference  of  potential  between  its  two  ends  will  cause 
1  C.  G.  S.  unit  of  current  (that  is,  one  C.  G.  S.  unit  of 
quantity  per  second)  to  flow  through  it. 

76.  An  ampere  may  be  defined  as  the  current  that 
would  be  produced  in  a  conductor  having  a  resistance  of 
1  ohm  by  a  difference  of  potential  of  1  volt. 

A  C.  G.  8.  unit  of  current  may  be  defined  as  the  current 
that  would  be  produced  in  a  conductor  having  a  resistance 
of  1  C.  G.  S.  unit  by  a  difference  of  potential  of  1  C.  G.  S. 
unit. 
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77.  The  following  examples  show  the  application  of 
Ohm's  law : 

Formula  12  determines  the  strength  of  current  that 
will  flow  in  a  conductor  of  a  given  resistance,  when  the 
pressure  in  volts  is  known. 

Example  1. — A  circuit  has  a  resistance  of  50  ohms  and  an  available 
pressure  of  100  volts;  what  is  the  strength  of  the  current  in  amperes? 

volts 
Solution. — Applying  formula  18,  amperes  =  -r- — ;  hence, 

amperes  =  -^  =  2.     Ans. 

Example  2. — If  the  pressure  in  a  conductor  is  8  volts  and  the  resist- 
ance is  15  ohms,  how  many  amperes  will  flow  ? 

o  A  volts       3       1  . 

Solution. — Amperes  =  -r —  =  t?  =  f  ampere.     Ans. 

^  ohms      15      5       *^ 

Example  3. —What  current  can  be  made  to  flow  through  a  circuit 
having  a  resistance  of  10  ohms,  if  an  E.  M.  F.  of  100  volts  is  applied  ? 

Solution.—  ^5"=  100;  /?  =  10;  hence,  by  formula  18,  the  required 
current 

/  =  -j^  =  10  amperes.    Ans. 

78.  In  case  the  electromotive  force  or  difference  of  poten- 
tial £  is  known,  formula  13  must  be  used  to  calculate  the 
resistance  of  the  circuit  that  will  allow  a  given  current  / 
to  flow  through  it. 

Example  1. — The  E.  M.  P.  of  a  circuit  is  500  volts;  it  is  desirable  to 
have  a  current  of  .5  ampere  flowing  in  it;  what  should  be  the  resist- 
ance of  the  circuit  ? 

volts 

Solution. — According  to  formula  13,  ohms  = ;  hence, 

^  '  amperes 

500 
J^  =  —=-  =  1,000  ohms.     Ans. 

.0 

Example  2. — Through  what  resistance  can  a  current  of  60  amperes 
flow,  if  the  electromotive  force  is  500  volts  ? 

Solution. —  /=  50;  £  =  500;  hence,  by  formula  13,  the  required 
resistance 

J^  =  -z—  =  10  ohms.     Ans. 
50 
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79.  To  find  how  much  pressure  it  will  require  to  force 
a  given  current  through  a  given  resistance,  it  will  be  neces- 
sary to  use  formula  14. 

ExAiftPLB  1. — How  much  pressure  will  it  take  to  force  a  current  of 
18  amperes  through  a  resistance  of  5  ohms  ? 

Solution. — Formula  14  states  that  volts  =  amperes  X  ohms;  hence, 

18  X  5  =  90  volts.     Ans. 

Example  2. — ^What  voltage  is  required  to  send  a  current  of  25  am- 
peres through  a  resistance  of  4  ohms  ? 

Solution. —  7=25;  ^=4;  hence,  by  formula  14,  the  required 
voltage  J?  =  25  X  4  =  100  volts.     Ans. 


EXAMPLES  FOR  PRACTICE 

1.  The  total  resistance  of  a  closed  circuit  is  49.3  ohms;  if  the 
current  is  2.73  amperes,  what  is  the  total  electromotive  force  in  volts  ? 

Ans.  134.589  volts 

2.  A  difference  of  potential  of  110  volts  exists  between  the  ter- 
minals of  a  conductor  whose  resistance  is  20  ohms ;  find  the  current 
flowing  through  the  conductor.  Ans.  5.5  amperes 

3.  A  circuit  has  an  available  pressure  of  220  volts;  what  is  its 
resistance  if  a  current  of  50  amperes  can  flow  through  it  ? 

Ans.  4.4  ohms 


APPUCATION  OF  OHM'S  IJ^W 

80,  When  applying  Ohm V  law,  the  following  four  facts 
should  be  carefully  noted: 

I.  The  strength  of  a  current  (/)  is  the  same  in  all  parts 
of  a  closed  circuity  except  in  the  case  of  divided  circuits. 

II.  ///  the  case  of  a  divided  circuity  the  sum  of  the  cur- 
rents in  the  separate  branches  is  ahvays  equal  to  the  current 
in  the  main  or  undivided  circuit. 

m 

III.  The  total  resistance  of  a  circuit  is  the  sufn  of  the 
resistances  of  the  interfial  circuit  and  of  the  external  circuity 
or  its  equivalent. 
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IV.  The  resultant  electromotive  force  in  a  closed  circuit 
IS  the  algebraic  sum  of  all  the  electromotive  forces  in  that 
circuit, 

81.  Fig.  18  represents  a  closed  circuit  having  connected 
in  series  in  it  a  battery  ^  of  4  cells,  an  incandescent  lamp  L^ 
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Fig.  18 


a  coil  of   wire  C,  a   second   battery  B'   of   2   cells,  and   a 
dynamo  D, 

Note. — A  d;^iiaino  is  a  machine  for  converting  the  mechanical 
energy  expended  in  driving  it  into  electrical  energy. 

The  current  /  has  the  same  strength  in  all  parts  of  that 
circuit;  that  is,  the  strength  of  the  current  flowing  through 
B  is  exactly  the  same  as  that  through  Z,  C,  B\  and  D\  in 
other  words,  the  same  current  flows  through  each. 

82.     If,  as  shown  in  Fig.  19,  a  main  circuit  a  is  split 

up  in  to  two  or  more  branches, 
as  r„  r„  and  r„  that  again  re- 
^  unite  at  ^,  then  the  current  / 
in  the  main  circuit  subdivides 
through  the  various  branches;, 
and  the  current  /  in  the  main 
circuit  is  equal  to  the  sum  of 
the  currents  in  all  the  branches ;  that  is,  /  =  /,  +  /,  +  I^, 

Example  1. — If  the  current  in  the  three  branches  ri,  r,,  and  r%,  of  a 
divided  circuit  are  5,  7,  and  9  amperes,  respectively,  what  will  be  the 
current  /in  the  main  circuit  ? 

Solution. — The  current  /in  the  main  circuit  is  equal  to  the  sum  of 
the  currents  in  the  three  branches ;  hence,  /=7-|-5-t-9  =  21  amperes. 

Ans. 
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Example  2. — If  a  main  circuit  in  which  a  current  of  18  amperes  is 
flowing  is  subdivided  into  four  parallel  branches,  the  currents  in  three 
of  the  branches  being  2,  4,  and  5  amperes,  respectively,  what  is  the 
current  in  the  remaining  fourth  branch  ? 

Solution. — The  current  in  the  main  circuit  is  18  amperes,  and  the 
sum  of  the  currents  in  three  branches  =  2  +  4 -h 5  =  11  amperes; 
hence,  the  current  in  the  fourth  branch  =  18  —  11  =  7  amperes.     Ans. 

83.     When  Ohm*s  law  is  applied  to  the  whole  of  a  closed 
circuit,  R  must  represent  the  entire  resistance  of  the  circuit, 
which  includes  the  internal  resistance  of  the  battery  or  other . 
source  of  current  and  all  resistances  connected  in  series  in 
the  external  circuit. 

In  Fig.  20,  suppose  the  total  internal  resistance  of  the  bat- 
tery is  B  ohnis;  the  resistance  of  the  lamp,  r  ohms;  and  the 


Fig.  so 

resistance  of  the  coil  and  all  connecting  wires,  r,  ohms ;  then 
the  total  resistance  of  the  circuit  will  be  r  +  r,  +  jB  ohms. 

The  total  resistance  of  the  circuit  shown  in  Fig.  18  is 
equal  to  the  resistance  of  the  lamp  L  +  the  resistance  of 
the  coil  C-\-  the  internal  resistance  of  the  battery  B*  -\-  the 
internal  resistance  of  the  dynamo  D  +  the  internal  resist- 
ance of  the  battery  B  +  the  resistance  of  all  the  connecting 
wires.  The  resistance  of  connecting  wires  is  very  often, 
but  not  always,  very  small  compared  with  the  resistance 
of  the  apparatus  and  devices  connected  in  the  circuit,  and 
in  such  cases  the  resistance  of  the  connecting  wires  is  not 
mentioned  or  considered  in  any  way. 

Example  1. — The  two  electrodes  of  a  simple  voltaic  cell  are  con- 
nected together  by  a  copper  wire,  the  resistance  of  which  is  1  ohm. 
If  the  internal  resistance  of  the  cell  is  4  ohms  and  the  electromotive 
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force  developed  is  2  volts,  what  is  the  strength  of  the  current  in  all 
parts  of  the  circuit  ? 

Solution. — Let  ri  =  the  internal  resistance  and  r*  =  the  external 
resistance ;  that  is,  the  resistance  of  the  copper  wire.  Then,  the  total 
resistance  of  the  circuit, 

^  =  r*  +  r«  =  4  H- 1  =  6 

By  formula  12,  the  current 

F     2 
/=  vi  =  ^  =  .4  ampere  flowing  through  the  circuit.     Ans. 

Example  2. — The  total  electromotive  force  developed  in  a  closed 
circuit  is  1.2  volts  and  the  strength  of  the  current  flowing  is  .3  ampere; 
find  the  total  resistance  of  the  circuit. 

Solution. — By  formula  13, 

/^  =  — ^  =  4  ohms.    Ans. 

Example  3. — The  internal  resistance  of  a  certain  dynamo-electric 
machine  is  10.9  ohms  and  the  external  resistance  is  73  ohms;  the 
electromotive  force  o/  the  machine  is  839  volts.  Find  the  strength  of 
the  current  flowing  in  the  circuit. 

Solution.—  r,  =  10.9;  re  =  Td;  /?  =  10.9  +  73  =  83.9.  By  for- 
mula 12, 

/  =  -  .y-TT  =  10  amperes.     Ans. 

84.  In  Fig.  21,  cell  j8,  having  an  electromotive  force 
of  1.4  volts,  is  connected  in  a  circuit  with  a  dynamo  D  gen- 
erating an  electromotive  force  of  6  volts.     Moreover,  the 
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electromotive  forces,  as  indicated  by  the  +  and  —  signs,  act 
in  the  same  direction  and  hence  tend  to  help  each  other  in 
producing  the  current  /  that  flows  through  the  circuit. 
Consequently,  the  resultant  electromotive  force  acting  in 
the  circuit  is  equal  to  G  +  1.4  =  7.4:  volts. 
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If  the  cell  B  is  reversed  in  the  circuit,  as  shown  in  Fig.  22, 
then  the  electromotive  forces  of  B  and  D  oppose  each  other 
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and  the  resultant  electromotive  force  acting  in  the  circuit 
is  6  —  1.4  =  4.6  volts.  This  electromotive  force  acts  in  the 
direction  of  the  greater  of  the  two  electromotive  forces,  and, 
hence,  whatever  current  is  produced  flows  in  the  direction 
of  the  arrows  /,.  Storage  cells,  while  charging,  are  con- 
nected with  the  dynamo  in  this  manner. 

The  current  flowing  in  either  case  is  obtained  by  dividing 
the  resultant  electromotive  force  by  the  total  resistance 
in  the  circuit. 

Example. — If  the  internal  resistance  of  the  battery  ^  is  2  ohms, 
the  internal  resistance  of  the  dynamo  D,  1  ohm,  and  the  resistance  of 
the  external  circuit,  7  ohms,  what  will  be  the  currents  /  and  A  flow- 
ing in  the  circuits  shown  in  Figs.  21  and  22  ? 

Solution. — Fig.  21:  As  already  explained,  the  resultant  electro- 
motive force  acting  in  the  circuit  in  this  case  is  64- 1.4  =  7.4  volts. 
The  total  resistance  of  the  circuit  =  2-h1-h7  =  10  ohms.     Hence,  the 

7  4 
current  /=  -^  =  .74  ampere.     Ans. 

Fig.  22:   The  resultant  electromotive  force  =  6  —  1.4  =  4.6  volts,  and 

the  total  resistance,  as  in  preceding  solution,  is  10  ohms.     Hence,  the 

4  6 
current  A  =  -^  =  .46  ampere.     Ans. 


EXAMPLES  FOR  PRACTICE 

1.  The  cuirent  from  a  simple  voltaic  cell  decomposes  water  at  the 
rate  of  2.59686  grains  per  hour,  and  the  total  resistance  of  the  circuit 
through  which  the  current  flows  is  2  ohms.  Find  {a)  the  strength  of 
the  current,  and  (b)  the  total  electromotive  force  developed  by  the  cell. 

(a)    .5  ampere 
{b)    Ivolt 

43—7 


Ans. 
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8.  A  battery  of  10  cells  connected  in  series  generates  an  electro- 
motive force  of  1.3  volts  per  cell.  If  the  total  resistance  of  the  10  cells 
Is  40  ohms  and  the  resistance  of  the  external  circuit  is  S  ohms,  what  is 
the  strength  of  current  flowing  in  the  circuit  ?  Ans.  .25  ampere 

8.  Given  internal  resistance  =  4  ohms;  electromotive  force 
=  l.B  volts;  current  =  .2  ampere.     Find  the  external  resistance. 

Ans.  3.5  ohms 

4.    Given  electromotive  force  =  84  volts;  current  =  .6  ampere.     If 

the  external  resistance  is  3  times  the  internal,  what  is  the  resistance 

of  each  ?  A       )  External,  30  ohms 

(Internal,   10  ohms 


DROP  OP  POTENTIAL 

8B.  Referring  to  the  flow  of  water  in  pipes,  we  may 
tabulate  the  analogies  as  given  in  Table  IV,  a  careful  study 
of  which  will  do  much  to  assist  the  understanding  of  what  is 
to  follow. 

86.  The  fourth  analogy  of  the  table  states  that  the  loss 
of  pressure  or  E.  M.  F.,  due  to  the  resistance  of  conductor, 
is  termed  drop  of  potential.  This  drop  may  be  made 
clearer  by  the  following: 

Let  Fig.  23  represent  a  tank  7"  of  water  with  a  horizontal 
discharge  pipe  EN,  which  is  provided  with  open  vertical 


tubes  at  a,  b,  c,  etc.  If  the  outlet  at  N  is  closed,  the  water 
in  the  vertical  tubes  will  rise  to  the  height  of  the  water  in 
the  tank;  but  if  the  water  is  allowed  to  flow  freely  from  the 
outlet  at  N,  then  the  height  of  the  water  in  the  tubes  will  be 
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TABI.E    IV 


ANAIiOGIES  BETWEEN  THE   FLOW   OF   WATER  AND 
'  ET^ECTRICITY 


I 


II 


III 


IV 


VI 


Water  in  Pipes 


Difference  of  level  tends 
to  make  water  fall 
from  the  upper  level 
to  the  lower  level. 

Difference  of  level,  hence 
acts  as  a  pressure 
tending  to  cause  a 
flow. 

If  not  entirely  obstruct- 
ed, this  pressure  actu- 
ally produces  a  flow 
of  water. 

Some  of  this  pressure  is 
lost  by  friction  of  the 
water  against  inside 
walls  of  pipe. 

This  loss  by  friction  is 
directly  proportional 
to  the  length  of  the 
pipe,  and  inversely 
proportional  to  the 
diameter  of  the  pipe. 

No  quantity  of  water 
can  flow  through  a 
pipe  without  suffering 
some  loss  in  this  man- 
ner; in  other  words, 
there  is  no  such  thing 
as  an  absolutely  fric- 
tionless  pipe. 


Electricity  in  Conductors 


Difference  of  potential  tends  to 
make  electric  current  flow 
from  point  of  high  potential 
to  point  of  lower  potential. 

Difference  of  potential  or 
E.  M.  F.,  hence  acts  as  a 
pressure  tending  to  cause  a 
flow  of  current. 

If  not  entirely  obstructed, 
this  pressure  or  E.  M.  F. 
actually  produces  a  flow  of 
current. 

Some  of  this  pressure  is  lost 
by  the  electrical  resistance 
of  the  conductor.  The  loss 
is  called  drop  of  potential. 

This  loss  or  drop  due  to  re- 
sistance is  directly  propor- 
tional to  the  length  of  the 
conductor,  and  inversely 
proportional  to  its  area  of 
cross-section. 

No  quantity  of  electricity 
can  flow  through  a  con- 
ductor without  suffering 
some  loss  in  this  manner; 
in  other  words,  there  is  no 
such  thing  as  an  absolutely 
resistanceless  conductor. 
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represented  by  the  inclined  line  at  a\  b\  c\  etc.  The  pres- 
Bure,  or  head,  of  the  water,  which  is  measured  by  the  height  of 
the  water  in  the  tubes,  decreases  in  the  direction  in  which 
the  water  is  flowing,  so  that  the  water  that  leaves  the  dis- 
charge outlet  at  N  is  under  considerably  less  pressure  than 
the  water  entering  at  E, 

87*  The  same  action  takes  place  in  a  current  of  elec- 
tricity flowing  along  a  conductor,  and  can  also  be  grapHically 
shown.     In  Fig*  24,  B  represents  a  voltaic  battery  with  the 


Pig.  S4 

negative  electrode  connected  directly  to  the  earth  at  £,  and 
the  positive  electrode  to  a  long  conductor  A  Z,  which  is  also 
connected  to  the  earth  at  E\  The  battery  may  be  regarded 
as  a  machine  that  raises  the  pressure  or  potential  of  elec- 
tricity from  zero  (or  that  of  the  earth)  to  a  height  equal  to 
the  distance  an* \  or,  in  other  words,  the  distance  a  a!  repre- 
sents the  total  difference  of  potential  across  the  terminals 
of  the  battery.  If  the  circuit  is  opened  or  broken  between 
L  and  E'  so  that  no  current  flows,  then  the  difference  of 
potential  between  the  conductor  and  the  earth  is  the  same 
at  all  points  along  the  conductor,  and  is  represented  by  the 
distances  between  the  line  CD  and  the  conductor  A  L, 

But  when  a  current  is  allowed  to  flow  along  the  conductor, 
the  difference  of  potential  between  the  conductor  and  the 
earth  decreases  in  the  direction   in  which  the  current  is 
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flowing.  The  vertical  distances  bb\  cc\  dd\  etc.  represent 
this  difference  of  potential  at  the  points  b^  r,  rf,  etc.  along 
the  conductor.  The  loss,  or  drop,  of  potential  is  represented 
by  the  vertical  distances  between  the  inclined  line  C L  and 
the  horizontal  line  CD.  This  loss,  or  drop,  also  represents 
the  difference  of  potential  between  the  point  a  and  any  other 
point  along  the  conductor.  For  example,  at  h  the  difference 
of  potential  between  the  conductor  at  that  point  and  the 
earth  is  represented  by  the  distance  //  K ;  the  loss  or  drop 
of  potential  is  represented  by  the  vertical  distance  A' A", 
which  distance  also  represents  the  difference  of  potential 
existing  between  the  points  a  and  A. 

88.  The  graphical  method  of  determining  the  difference 
of  potential  is  seldom  used.  Ohm's  law  not  only  enables  us 
to  calculate  the  strength  of  the  current  in  a  closed  circuit, 
but  also  the  difference  of  potential  in  volts  along  that  cir- 
cuit. The  difference  of  potential  (£")  in  volts  between  any 
two  points  along  a  circuit  is  equal  to  the  product  of  the 
strength  of  the  current  {/)  in  amperes  and  the  resistance  (R) 
in  ohms  of  that  part  of  the  circuit  included  between  those 
two  points;  or  Er=.IR^  which  is  an  example  of  the  use 
of  Ohm's  law.  E^  in  this  case,  represents  the  loss  or  drop  of 
potential  in  volts  between  the  two  points.  If  any  two  of 
these  quantities  are  known,  the  third  can  be  readily  found, 
as  already  shown  in  connection  with  Ohm's  law. 

Example. — Fig.  25  represents  part  of  a  circuit  in  which  a  current 
of  2.5  amperes  is  flowing.     The  a  h  e  d 

resistance  from   a  to  ^   is  10  -  _-- 

ohms;  from  b  to  c,  15  ohms;  Pig.  25 

and  from  c  to  d,  20  ohms.  Find  the  difference  of  potential  between 
a  and  b^  b  and  r,  c  and  //,  and  a  and  d. 

Solution. — Since,  by  Ohm's  law,  E^I R,  then  the  difference  of 

potential  between 

a  and  b  is  2.5  X  10  =  25  volts; 

b  and  c  is  2.5  X  15  =  37.5  volts; 

c  and  //  is  2.5  X  20  =  50  volts ; 

^?  and  //  is  25  +  37.5  4-  50  =  112.5  volts; 

or,  in  other  words,  the  loss  or  drop  in  potential  between  a  and  d  is 
112.5  volts. 
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89.  In  a  great  many  cases,  it  is  desirable  to  have  the 
current  flow  from  the  source  a  long  distance  to  some  electric 
receptive  device,  such  as  an  incandescent  lamp  or  an  electric 
motor,  and  return  without  causing  an  excessive  drop  or 
loss  of  potential  in  the  conductors  leading  to  and  from  the 
two  places.  In  such  circuits,  the  greater  part  of  the  total 
generated  electromotive  force  is  expended  in  the  receptive 
device  itself,  and  only  a  small  fraction  of  it  is  lost  in  the 
rest  of  the  circuit.  Under  these  conditions,  it  is  customary 
to  decide  on  a  certain  drop  or  loss  of  potential  beforehand, 
and  from  that  and  the  current  calculate  the  resistance  of 
the  two  conductors. 

Example. — It  is  desired  to  transmit  a  current  of  10  amperes  to  an 
^ectrical  device  situated  1,000  feet  from  the  source ;  the  total  generated 
£.  M.  P.  is  110  volts,  and  only  5^  of  this  potential  is  to  be  lost  in  the 
conductors  leading  to  and  from  the  two  points.  Find  (a)  the  total 
resistance  of  the  two  conductors,  and  (d)  the  resistance  per  foot  of  the 
conductors,  assuming  each  to  be  1.000  feet  long,  and  that  the  resistance 
of  1,000  feet  is  1,000  times  the  resistance  of  1  foot. 

Solution. — (a)  fv%  of  110  volts  =  110  x  .05  =  5.5  volts,  which  repre- 
sents the  total  drop  or  loss  of  potential  on  the  two  conductors.  Let  E 
=  5.5  volts;  /=  10  amperes,  and  R  =  the  total  resistance  of  the  two 

j£      5  5 
conductors.     Then,  by  Ohm's  law,  R—  -j  —  *-^  =  .55  ohm,     Ans. 

(b)  The  resistance  of  the  conductor  is  directly  proportional  to  its 
length,  and  hence  the  resistance  of  1  foot  =  ^i^  of  the  resistance  of 
2,000  feet.     But  the  resistance  of  2,000  feet  is  .55  ohm;   hence,  the 


resistance  per  foot  =  ^^k?.  =  .000275  ohm.    Ans. 


EXAMPLES  FOR  PRACTICE 

1.  In  a  part  of  a  closed  circuit  ^the  drop  or  loss  of  potential  caused 
by  the  resistance  of  the  conductor  is  10  volts.  If  the  current  flowing 
is  4  amperes,  what  is  the  resistance  of  that  part  of  the  circuit  ? 

Ans.  2.5  ohms 

2.  The  total  generated  electromotive  force  in  a  circuit  is  220  volts. 
A  current  of  10  amperes  is  transmitted  to  and  from  a  receptive  device 
situated  some  distance  from  the  source,  with  a  loss  of  potential  of  10';^. 
Find  the  total  resistance  of  the  two  conductors  leading  to  and  from 
the  two  places.  Ans.   2.2  ohms 
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TOTAIi  AND  AVAILABLE  S.  M.  F. 

90.  The  difference  of  potential  between  the  two  elec- 
trodes of  a  simple  voltaic  cell  when  no  current  is  flowing, 
that  is,  when  the  circuit  is  open,  is  always  equal  to  the  total 
electromotive  force  developed  within  the  cell;  but  when 
a  current  is  flowing,  that  is,  when  the  circuit  is  closed,  a 
certain  amount  of  electromotive  force  is  expended  in  for- 
cing the  current  through  and  against  the  internal  resistance 
of  the  cell  itself.  Consequently,  the  difference  of  potential 
between  the  two  electrodes  when  the  circuit  is  closed  is 
always  smaller  than  when  the  circuit  is  open.  This  differ- 
ence of  potential  between  the  terminals  of  the  cell  when 
the  circuit  is  closed  is  sometimes  called  the  available  or 
external  electromotive  force,  to  distinguish  it  from  the 
internal  or  total  generated  electromotive  force. 

91.  The  available  electromotive  force  is  equal  to  the 
difference  between  the  total  generated  electromotive  force 
and  that  expended  in  forcing  the  current  through  the  cell 
against  the  internal  resistance  when  the  circuit  is  closed. 
From  Ohm's  law,  the  loss  or  drop  of  potential  in  the  cell 
itself  is  equal  to  the  product  of  the  internal  resistance  and 
the  strength  of  current  flowing. 

Let     E  =  total  generated  E.  M.  F. ; 
£'  =  available  E.  M.  F. ; 

/   =  current  flowing  when  the  circuit  is  closed; 
r,  =  internal  resistance  of  the  cell ; 
r^  =  an  external  resistance. 

The  drop  or  loss  of  potential  in  the  cell  = /r,  and  E' 
=  E-  Ir,. 

For  example,  in  a  voltaic  cell  the  total  generated  E.  M.  F. 

is  2  volts,  and  the  internal  resistance  is  4  ohms.     If  the  two 

electrodes  are  connected  to  an  external  resistance  of  6  ohms, 

a  current  of  .2  ampere  will  flow  through  the  circuit,  since 

E  2 

/  =  — i —  =  =  .2  ampere.    The  loss  or  drop  of  poten- 

ri-\-r^      4  +  b 

tial  in  the  cell  z=  I rt  =    2  X  4  =  .8  volt.     Then,  E'  -  E 
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—  Ir^  =  2  —  .8  =  1.2  volts,  which  is  the  difference  of  poten- 
tial available  to  force  the  current  of  .2  ampere  through  the 
external  resistance  of  6  ohms,  since  Ir^  =  .2  X  6  =  1.2  volts. 

92.  The  total  drop  or  fall  of  potential  in  a  circuit  con- 
taining a  number  of  resistances  connected  in  series  is  equal 
to  the  sum  of  the  resistances  multiplied  by  the  current. 

For  instance,  the  total  drop  from  ^  to  ^  in  Fig.  25,  if  the 
resistance  of  a,b  =  10  ohms,  tc  =  15  ohms,  cd  =  20  ohms, 
and  a  current  of  2.5  amperes  is  flowing  through  them,  is 
equal  to  (10  +  15  +  20)  X  2.5  =  45  X  2.5  =  112.5  volts.  It 
will  be  noticed  that  this  is  exactly  the  same  total  drop  as 
computed  in  a  slightly  different  manner  in  the  solution  to 
the  example  in  Art.  88,  In  that  solution  the  total  drop  was 
computed  by  adding  together  the  difference  of  potential  or 
drop  across  each  resistance.  Hence,  the  total  drop  may  be 
calculated  either  way — whichever  happens  to  be  the  most 
convenient. 

In  a  closed  circuit  the  current  is  computed  by  dividing  the 
total  or  resultant  electromotive  force  acting  in  the  circuit 
by  the  total  resistance  of  the  circuit. 

Example. — In  Fig.  18,  suppose  that  the  electromotive  forces  of  the 
batteries  B  and  B"  and  the  dynamo  D  are  8,  4,  and  13  volts,  respect- 
ively, and  their  internal  resistances  are  12,  6,  and  2  ohms,  respectively, 
and  that  the  resistances  of  the  lamp  L  and  coil  C,  including  the  con- 
necting wires,  are  50  and  30  ohms,  respectively.  What  will  be  the 
strength  of  the  current  flowing  in  all  parts  of  this  circuit  ? 

Solution. — The  total  or  resultant  electromotive  force  =  8  -h  4  -h  13 

=  26  volts,  and  the  total  resistance  of  the  circuit  =  12-f-50-H80  +  6 

-h  2  =  100  ohms.     Then,  by  Ohm's  law,  the  current  flowing  through 

E      25 
the  entire  circuit  =  /=-=  =  — r^r  =  .25  ampere.     Ans. 

/v      100 


FAIOi  OF  POTJENTIAL.  THROUGHOUT  A  COMPLEX  CIRCUIT 

93,  We  will  now  analyze  the  fall  of  potential  in  a  more 
complex  circuit.  Suppose  that  we  have  a  circuit,  as  shown 
in  Fig.  26,  in  which  there  is  connected  in  series  a  dynamo 
generating  an  electromotive  force  £^  of  38  volts,  a  con- 
ductor dc  having  a  resistance  of  3  ohms,  a  storage  battery 
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having  an  electroniotive  force  E^  of  12  volts  and  an  internal 
resistance  R^  of  2  ohms,  and  finally  a  resistance  coil  R^  of 
7  ohms.  These  values  are  all  indicated  in  the  figure.  The 
circuit  is  arranged  so  that  the  dynamo  will  charge  the  stor- 
age battery,  and  hence  the  electromotive  force  of  the  storage 
battery  opposes  that  of  the  dynamo.  The  entire  electro- 
motive force  of  the  dynamo,  38  volts,  is  represented  by  the 
line  bf.  In  order  to  find  the  drop  or  fall  of  potential  in  each 
portion  of  the  circuit,  it  will  first  be  necessary  to  calculate 


^ 


B^  7  Ohms 


B£'2  Ohm* 


^  B^'SOhm*^ 


Bfl  Ohm 


9  Amperes 

PIG.  86 


the  strength  of  the  current.  The  resultant  electromotive 
force  in  the  circuit  =  38  —  12  =  26  volts,  since  the  electro- 
motive force  of  the  storage  battery  opposes  that  of  the 
dynamo.  The  total  resistance  R=.  R^-\-  R^-\-  R^-{-  R^  =  i 
^3_|_2-|-7  =  13  ohms.  Hence,  by  Ohm's  law,  the  current  / 
=  |.|  =  2  amperes.  The  line  rt/ shows  the  increasing  pres- 
sure of  the  dynamo  from  the  terminal  a  to  the  terminal  b 
when  the  circuit  is  open.  When  the  circuit  is  closed,  and 
there  is  a  current  of  2  amperes  flowing  through  it,  there  is  a 
drop  or  fall  of  potential  e,  through  the  dynamo  itself.     This 
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fall  of  potential  is  calculated  by  the  formula  £'  =  /x  ^,  in 
which  7=2  amperes  and  ^  =  1  ohm.  Hence,  ^„  the  fall  of 
potential  through  the  dynamo  itself,  =  /x/?,  =  2x1 
=  2  volts.  Subtracting  this  fall  of  potential  from  the  elec- 
tromotive force  bf^  gives  bg^  equal  to  36  volts,  as  the  poten- 
tial of  the  point  b^  assuming  that  the  point  a  has  zero 
potential,  that  is,  the  difference  of  potential  between  a  and  ^, 
when  2  amperes  is  flowing  in  the  circuit,  is  36  volts.  The 
fall  of  potential  e^  through  the  conductor  /J^  =  2  X  3  =  6  volts. 
Hence,  the  potential  at  the  point  c  is  represented  by  the 
line  c  I,  which  is  equal  to  ^jf  —  //  /  =  36  —  6  =  30  volts. 
Hence,  h  i  represents  the  fall  of  potential  through  the  entire 
conductor  R^^  or  the  difference  of  potential  between  b  and  c^ 
and  the  potential  along  the  conductor  R^  falls  from  ^  to  f 
along  the  slanting  line^ /connecting  these  two  points.  From 
c  to  ^  there  is,  due  to  the  storage  battery,  an  electromotive 
force  of  12  volts  that  opposes  the  electromotive  force  due  to 
the  dynamo,  and  hence  there  is  a  drop  of  12  volts,  repre- 
sented hy  jk.  From  c  to  ^  there  is  a  further  drop  due  to 
the  internal  resistance  of  the  storage  battery.  Since  the 
internal  resistance  of  the  storage  battery  is  2  ohms,  this  drop 
will  be  equal  to  2  X  2  =  4  volts.  This  fall  of  potential  of 
4  volts  is  represented  by  the  line  k  m.  This  leaves  a  poten- 
tial dfn  =  ci—  mj  =  30  —  16  =  14  volts  at  the  point  d.  The 
difference  of  i)otential  between  c  and  d  is  evidently  16  .volts. 
The  potential  is  represented  as  falling  from  c  to  d  along  the 
line  im.  From  d  top  there  is  a  resistance  of  7  ohms,  and 
hence  a  drop  of  2  X  7  =  14  volts.  This  drop  or  fall  of  poten- 
tial is  represented  by  ;//,  and  the  potential  is  represented  as 
falling  uniformly  through  the  resistance  R^  along  the  line  ;///. 
The  point/  is  supposed  to  be  connected  with  the  point  a  by 
a  conductor  having  zero  resistance,  that  is,  /  and  a  are  prac- 
tically the  same  point,  but  they  could  not  be  so  represented 
in  a  figure  of  this  nature ;  hence,  we  have  assumed  them  to 
be  joined  together  by  a  wire  of  negligible,  or  zero,  resistance. 

94,    We  will  now  add  together  the  fall  of  potential  due 
to  resistance  alone  in  each  separate  portion  of  the  circuit: 
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^'^  +  ^,  +  ^,  +  ^,  =  2  +  6  +  4  +  14  =  26  volts.  This  is  equal 
to  -£,  —  ^,  =  38  —  12  =  26  volts.  Hence,  we  see  that  the 
total  electromotive  force  of  the  dynamo,  less  the  12  volts 
required  to  overcome  the  electromotive  force  of  the  storage 
battery,  is  consumed  in  forcing  the  current  against  the 
resistances  of  the  various  parts  of  the  circuit.  .  The  fall  of 
potential  in  the  various  portions  of  the  circuit  external  to 
the  dynamo  is  represented  by  the  heavy  line  gimp.  The 
potential  at  any  point  in  a  circuit,  and  the  fall  of  potential 
through  any  portion  of  a  circuit  in  which  the  current  and 
resistance  are  known,  can  be  represented  by  a  diagram  of 
this  nature. 
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RESISTANCE 

1.  The  resistance  that  all  substances  offer  to  the  pas- 
sage of  an  electric  current  is  one  of  the  most  important 
quantities  in  electrical  measurements.  It  is  that  attribute 
of  a  conductor  or  of  a  circuit  that  determines  the  strength 
of  the  continuous  electric  current  that  can  be  sent  through 
the  conductor  or  the  circuit  by  a  given  electromotive  force, 
as  shown  by  Ohm's  law. 

If  a  given  conductor  offers  a  resistance  of  2  ohms  to  a 
current  of  1  ampere,  it  offers  the  same  amount,  no  more  nor 
no  less,  to  a  current  of  10  amperes.     Hence, 

The  resistance  of  a  given  conductor  is  always  constant  at 
the  same  temperature^  irrespective  of  the  electromotive  force 
or  the  strength  of  current  flowing  through  it. 

2,  Resistance  of  Various  Materials. — The  resistance 
varies  in  different  substances;  that  is,  one  substance  offers 
a  higher  resistance  to  a  current  of  electricity  than  another. 
In  order  to  directly  compare  the  resistances  of  different 
substances,  however,  the  dimensions  of  the  pieces  to  be 
measured  must  be  equal.  For,  by  changing  its  dimensions, 
a  good  conductor  may  be  made  to  offer  the  same  resistance 
as  an  inferior  one.  Under  like  conditions,  annealed  silver 
offers  the  least  resistance  of  all  known  metals  or  conductors. 
Pure  annealed  copper  comes  next  on  the  list,  and  then  follow 
all  other  metals  and  conductors. 

§3 
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The  resistance  of  a  given  conductor,  however,  is  not 
always  constant ;  it  changes  with  the  temperature,  and  also 
with  the  physical  condition  of  the  conductor.  For  instance, 
hard-drawn  copper  wire  has  a  higher  resistance  than  soft- 
drawn  or  annealed  copper  wire.  The  resistance  of  all 
metals  increases  as  the  temperature  rises;  the  resistance  of 
liquids,  carbons,  non-conductors,  and  a  very  few  alloys 
decreases  as  the  temperature  rises.  The  amount  of  varia- 
tion in  the  resistance  caused  by  a  change  in  temperature 
will  be  presently  explained. 

3«  The  specific  resistance,  or  reslstiTlty,  of  a  sub- 
stance is  the  resistance  at  some  standard  temperature, 
usually  the  freezing  point  of  water,  of  a  piece  of  the  sub- 
stance having  unit  length  and  unit  sectional  area.  Specific 
resistance  is  usually  defined  as  the  resistance  at  32®  F.  or 
0°  C.  of  a  piece  of  the  substance  1  centimeter  long  and 
1  square  centimeter  in  sectional  area.  This  is  sometimes 
designated  the  specific  resistance  per  centimeter  cube,  in 
order  to  distinguish  it  from  the  resistance  per  inch  cube. 
The  term  resistivity  is  gradually  coming  into  use  in  place  of 
the  longer  expression  specific  resistance ;  it  is  designated  by 
the  Greek  letter  p  (spelled  rho  and  pronounced  r5). 

The  resistance  /?  of  a  piece  of  any  material  may  be 
expressed  by  the  formula 

J' = ^'  (1) 

in  which  /  =  length  of  the  piece ; 

a  =  sectional   area;    that   is,    the   area   at   right 

angles  to  the  direction  of  the  current ; 
p  =  specific  resistance  of  the  material. 

When  p  is  the  specific  resistance  per  centimeter  cube, 
/  and  a  must  be  expressed  in  centimeters  and  square  centi- 
meters, respectively. 

The  specific  resistance  per  centimeter  cube  of  various  sub- 
stances is  given  in  column  2  in  Tables  I  and  II.  Occasion- 
ally p  is  defined  as  the  resistance  of  an  inch  cube  of  the  sub- 
stance, that  is,  a  piece  1  inch  long  and  1  square  inch  in 
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sectional  area.  In  this  case  /  and  a  must  be  expressed  in 
inches  and  square  inches,  respectively,  and  R  will  then  be  the 
resistance  of  a  piece  whose  dimensions  are  given  in  inches. 

4.    Ilelation  Between  Specific  Resistance  and  Volume. 

The  resistance  of  a  conductor  cannot  be  obtained  by  simply 
multiplying  or  dividing  its  specific  resistance,  that  is,  the 
resistance  of  a  piece  of  unit  length  and  unit  sectional  area,  by 
the  volume  of  the  conductor.  For  suppose  that  a  piece  of  a 
cfHiductor  has  a  sectional  area  of  1  square  inch  and  a  length 
of  10  inches;  then  there  will  be  10  cubic  inches  of  metal  in 
the  conductor.  Nqw,  suppose  that  another  conductor  has 
a  sectional  area  of  \  square  inch  and  a  length  of  20  inches; 
there  will  also  be  10  cubic  inches  of  metal  in  this  conductor. 
It  can  readily  be  seen  that  the  conductor  20  inches  long  and 
having  a  sectional  area  of  \  square  inch  will  have  a  much 
higher  resistance  than  the  conductor  10  inches  long  and 
having  a  sectional  area  of  1  square  inch.  Therefore,  the 
resistance  of  a  conductor  cannot  be  obtained  by  simply 
multiplying  or  dividing  the  number  of  cubic  inches  by  the 
resistance  per  cubic  inch,  unless  the  conductor  happens  to 
have  a  sectional  area  of  exactly  1  square  inch.  The  correct 
method  for  finding  the  resistance  of  a  piece  of  a  conductor 
when  the  specific  resistance,  length,  and  sectional  area  are 
known,  is  to  use  formula  1 ;  that  is,  multiply  the  specific 
resistance  by  the  length  and  divide  the  product  so  obtained 
by  the  sectional  area. 

6.  Resistance  of  Various  Conductors. — A  list  of  dif- 
ferent substances  is  given  in  Tables  I  and  II  in  the  order  of 
their  relative  resistances,  beginning  with  annealed  silver, 
which  offers  the  least  resistance.  The  second  column  gives 
the  specifio  resistance,  that  is,  the  actual  resistance  in 
microhms  of  a  piece  of  the  substance  1  centimeter  long  and 
having  a  sectional  area  of  1  square  centimeter  at  the  freez- 
ing point  of  w.ater;  that  is,  at  32°  Fahrenheit  or  0°  Centi- 
grade. This  is  the  specific  resistance  per  centimeter  cube. 
The  resistance  of  a  piece  of  any  known  dimensions  of  any 
substance  given  in  the  list  can  be  determined  by  applying 

4a— 8 


6  ELECTRICAL  RESISTANCE  §  3 

formula  1,  in  which  p  is  the  corresponding  specific  resistance 
given  in  this  table.  Or  formulas  3,  4,  and  5  may  be  used 
in  connection  with  the  values  given  in  Tables  I  and  II. 

Example  1. — If  the  resistivity  (specific  resistance)  of  a  certain  metal 
is  2.53  (at  0'  C.)  microhms,  what  will  be  the  resistance  (at  O'C.)  of  a 
wire  made  of  this  metal,  having  a  diameter  of  .080808  inch  and  a  length 
of  1  mile  ? 

Solution. — According  to  formula  1,  -^  =  — ,  in  which  p  (at  0"  C.) 

=  .00000253  ohm;  /  =  5,280  X  30.48  cm.  (5,280  being  the  number  of 
feet  in  1  mi.  and  30.48  the  number  of  centimeters  in  1  ft.);  and  a 
=  (.0808a8)«  X  .7854  X  6.45  (6.45  being  the  number  of  square  centi- 
meters in  1  sq.  in.). 

„  _       .00000253  X  5,280  X  30. 4«       io  qao    u  a 

Hence.      R  =  -^^^y  ^  ^^^^  ^  g^  =  12.309  ohms    Ans. 

Example  2. — Find  the  resistance  in  ohms  at  0^  C.  of  a  round  column 
of  mercury  180  centimeters  high  and  .02  centimeter  in  diameter. 

Solution. — Use  formula  1,  ^  =  — ,  in  which  /  =  180;  a  =  .7854 

X  (.02)«;  and  p  =  94.07  microhms,  or  .00009407  ohm  (from  Table  I)  per 
centimeter  cube.     Hence, 

„       .00009407  X  180        ^o  ooo    u  a 

^  =      >o>^ ^un-  =  63.898  ohms    Ans. 

.78o4  X  .0004 

6.  A  mil-foot  is  a  cylindrical  piece  of  substance  1  foot 
long  and  1  mil  in  diameter.  A  mil,  which  will  be  more 
fully  considered  later,  is  equal  to  .001  inch.  Hence,  the 
resistance  of  a  mil-foot  of  a  substance  means  the  resistance 
of  a  wire,  that  is,  a  cylindrical  piece  of  the  substance  1  foot 
long  and  .001  inch  in  diameter.  This  term  is  frequently 
used  in  connection  with  ordinary  conductors,  especially 
copper  wire.  The  resistance  of  a  mil-foot  of  various  sub- 
stances is  given  in  columns  3  and  4,  Tables  I  and  II. 

The  term  resistance  per  meter-mllllineter,  which  is 
occasionally  used,  means  the  resistance  of  a  cylindrical  wire 
1  meter  long  and  1  millimeter  in  diameter. 

7.  Meter-Gram. — The  specific  resistance  of  a  substance 
may  be  given  in  terms  of  length  and  mass  instead  of  in 
length  and  sectional  area.  Thus  the  term  si>eelflc  resistance 
l>er  meter-gi-am  means  the  resistance  of  a  piece  of  the  sub- 
stance 1  meter  long  and  having  a  mass  of  1  gram.     That  is, 
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the  sectional  area,  which  is  assumed  to  be  approximately 
uniform  at  least,  is  such  that  a  piece  1  meter  long  weighs 
exactly  1  gram.  If  k  represents  the  length-mass  specific 
resistance,  then  a  wire  of  length  /  and  mass  in  will  have 
a  resistance 


ni 


in  which 


k   =  resistance  of  a  piece  1  meter  in  length  and 

having  a  mass  of  1  gram ; 
/    =  length  in  meters; 
m  =  mass  in  grams  of  the  piece. 

A  meter-gram  of  soft  copper  having  a  specific  gravity  of 
8.89  (that  is,  k  for  soft  copper)  has  a  resistance  of  .14173  ohm. 

Note. — Let  k  =  resistance  of  a  piece  of  a  substance  of  unit  length 
and  unit  mass.     A  wire  of  length  /  and  mass  m  will  have  a  mass  per 

unit  length  of  -j,  and  its  resistance  per  unit  length  is  inversely  propor- 

tional  to  -j,  because  the  greater  the  mass  per  unit  length,  the  less  will 
be  the  resistance.     Hence,  the  resistance  per  unit  length  is  equal  to 

hi  fft 

— ,  when  the  mass  per  unit  length  =  -r.    Furthermore,  the  resistance 

k  l^ 
of  /  units  of  length  will  be  /  times  as  great;  hence,  R  =  — ,  which 

proves  the  above  formula.  In  order  to  reduce  the  resistance  per  unit 
length  and  mass  of  a  substance  to  its  corresponding  resistance  per  unit 
length  and  sectional  area,  it  is  necessary  to  know  not  only  its  length 
and  mass,  but  also  its  specific  gravity.  Mass  equals  the  length  times 
the  sectional  area  times  the  specific  gravity;  from  which  the  corre- 
sponding average  sectional  area  can  be  calculated,  when  the  mass, 
length,  and  specific  gravity  are  known. 

8.  Conductance. — The  word  conductance  is  now  com- 
ing into  use  in  place  of  the  word  conductivity ;  it  is  the  exact 
reciprocal  of  resistance.  When  the  word  conductance  is 
used  in  this  way,  the  word  resistivity  is  generally  used  to 
signify  specific  resistance.  Since  conductance  is  the  recip- 
rocal of  resistance,  it  naturally  follows  to  call  the  reciprocal 
of  the  specific  resistance,  or  resistivity,  of  a  substance  its 
specific  conductance,  or  conductivity.  Conductivity  is, 
therefore,  equivalent  to  specific  conductance.  However, 
the  words  conductivity  and  resistivity  are  not  universally 
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used  in  this  way  at  present,  but  they  are  more  logical  and 
consistent  than  the  older  terms  specific  resistance  and  con- 
ductivity, which  were  not  Kiciprocals  of  each  other  as 
formerly  defined. 

There  is  no  established  unit  of  conductance.  Some  writers 
use  the  word  mho^  which  is  ohm  spelled  backwards,  as  the 
name  for  the  unit  of  conductance  and  designate  it  by  G*. 
A  conductor  having  a  resistance  of  \  ohm  will  have  a  con- 
ductance of  2  mhos. 

The  percentage  conductivity  of  a  substance,  given  in 
column  7,  Tables  1  and  II,  is  the  ratio  the  conductivity  of 
that  substance  bears  to  that  of  the  standard  substance  at 
the  same  temperature,  usually  Matthiessen's  pure  copper  at 
0°  C. ;  the  conductivity  of  the  latter  is  taken  as  100.  The 
percentage  conductivity  is  frequently  used  in  specifications, 
it  being  a  frequent  requirement  that  the  wire  shall  have  a 
conductivity  equal  to  98  per  cent,  that  of  pure  copper  at 
the  same  temperature. 

9.  Multiples  and  Hubmultlples. — Expressed  in  ohms,  the 
specific  resistance  of  flint  glass  is  10,700,000,000,000,000,000 
and  that  of  annealed  silver  is  .000001468.  To  prevent  the 
constant  repetition  of  zeros,  prefixes  have  been  adapted  to 
express  multiples  and  submultiples  of  a  unit,  as  shown  in 
Tables  III  and  IV. 

TABLE  ILI 


MULTIPLES 


Prefix 

Amoun 
Expressed  in  Words 

t  of  Multiplication 

Expressed  in  Figures 

deka 

ten  times 

lO 

10 

hecto 

one  hundred  times 

I  CO 

10* 

kilo 

one  thousand  times 

I,  GOO 

10' 

mega 

one  million  times 

1,000,000 

10* 

bega 

one  billion  times 

1,000,000,000 

ID* 

trega 

one  trillion  times 

1 ,  000, 000, 000, 000 

lO^' 

quega 

one  quadrillion  times 

1 ,  000, 000, 000, 000, 000 

10" 
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TABIiB   IV 


SUBMlTLTIPIiES 


Prefix 

Amount  of  Division 

Expressed  in  Words 

Expressed  in  Figures 

deci 

one-tenth 

I  -1-    lO 

10-* 

cent! 

one-hundredth 

I    -T-    lOO 

10-^ 

milli 

.  one-thousandth 

I  -T-  i,ooo 

10-' 

micro 

one-millionth 

I     -T-     1,000,000 

lO* 

bicro 

one-billionth 

I    -T-     1,000,000,000 

IO-- 

tricro 

one-trillionth 

I  -^  1,000,000,000,000 

10-" 

Using  these  prefixes,  the  specific  resistance  of  flint  glass 
would  be  said  to  be  16,700  quegohms  (16,700  X  1,000,000,- 
000,000,000  =  16,700,000,000,000,000,000  ohms)  and  that  of 
annealed  silver  1.468  microhms,  since 


1.468 


1,000,000 


=  .000001468  ohms 


TABIiE  V 


Substance 

Specific  Resistance 

Mica 

84  tregohms 

449  tregohms 
28  quegohms 
34  quegohms 

8  tregohms 
540  quegohms 
16,700  quegohms 
I  tregohm 
350  begohms 
14  tregohms 
1,670  tregohms 

450  tregohms 

Gutta  percha 

Hard  rubber 

Paraffin  (solid) 

Paraffin  oil 

Porcelain 

Flint  glass 

Olive  oil 

Lard  oil 

Benzine 

Wood  tar 

Ozocerite  (crude) 
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lO.     Bpeclflc    Reslstanoe   of  Insulating:  Materials. — 

The  specific  resistances  of  some  of  the  substances  commonly 
termed  insulators  are  given  in  Table  V. 

Table  VI  gives  the  specific  resistance  of  water  and  some 
of  the  more  common  solutions  used  as  electrolytes. 

TABIiE  VI 


Specific 
Resistance 

Solution 

per  Centi- 
meter Cube 
(International 
Ohms) 

Sulphuric  acid    s%  acid,  specific  gravity  1.0330  at  18^ 

C... 

4.81 

Sulphuric  acid  10^  acid,  specific  gravity  1.0700  at  18** 

C... 

2.83 

Sulphuric  acid  2i)%  acid,  specific  gravity  1.1414  at  18' 

C... 

1-54 

Sulphuric  acid  2551?  acid,  specific  gravity  1.1700  at  18" 

C... 

•99 

Sulphuric  acid  yy^  acid,  specific  gravity  1.2200  at  18° 

C... 

1.36 

Sulphuric  acid  40%  acid,  specific  gravity  1.3100  at  18^ 

C... 

1.48 

Common-salt  saturated  solution  at  18"  C 

5.09 
20.20 

Zinc  sulphate  (ordinary)  saturated  solution  at  18"  C 

CopjMjr  sulphate  (ordinary)  saturated  solution  at  18" 

V/i.  ... 

29.90 

Sal-ammoniac  solution,  specific  gravity  1.07  at  18"  C 

5.50 

Water  at  1 1 '  C 

3  X  10* 

Water  at  76"  C 

1,196  X  io» 

Note. — The  tem|>erature  coefficient  of  these  liquids  is  about 
—  .015  per  1°  C. ;  that  is,  their  resistance  decreases  about  1.5  per  cent, 
for  each  degree  centigrade  rise  in  temperature. 


EFFECT    OF    TjENGTII    AND    SECTIONATj  AREA   ON 

RESISTANCE 

11.     Variation  of  Resistance  With  Ijen^tli.  —  If  the 

resistance  and  length  of  one  conductor  and  the  length  of 
another  conductor  of  the  same  sectional  area  and  material 
are  given,  then  the  resistance  of  the  second  conductor  may 
be  obtained  by  the  use  of  the  following  formula : 


:  n 


=  A  '  A»  or  r,  = 


rj. 


(3) 
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In  this  formula, 

* 

r,  =  resistance  of  first  conductor ; 

r,  =  required  resistance  of  second  conductor; 

/,  =  length  of  first  conductor; 

/,  =  length  of  second  conductor. 

As  in  all  examples  of  proportion,  the  two  lengths  must  be 
reduced  to  the  same  unit. 

Rule. —  The  resistance  of  a  given  conductor  increases  as  the 
length  of  the  conductor  increases ;  that  is,  the  resistance  of  a 
conductor  is  directly  proportional  to  its  length. 

If  the  resistance  and   length  of   one  conductor  and  the 

resistance    of    another    conductor  of    the    same    sectional 

area  and  material,  but  of  different  length,  are  given,  then 

the  length  of  the  second  conductor  may  be  obtained  by  solv- 

r  I 
ing  formula  3  for  /,,  which  gives  /,  =  r-^— ^. 

Example  1. — Find  the  resistance  of  1  mile  of  copper  wire,  if  the 
resistance  of  10  feet  of  the  same  wire  is  .013  ohm. 

Solution. —  fi  =  .013  ohm;  A  =  10  ft. ;  and  /»  =  1  mi.  =  5,280  ft. 
Then,  by  formula  3,  the  required  resistance 

r.  =  ^M^^:^  =  6.864  ohms    Ans. 

Example  2. — If  the  resistance  of  11  inches  of  a  German-silver  wire 
is  .022  ohm,  what  will  be  the  length  in  feet  of  a  piece  of  the  same  wire 
having  a  resistance  of  2.4  ohms  ? 

Solution. —  rj  =  .022  ohm;  A  =  11  in.;  r%  —  2.4  ohms.  By 
formula  3,  the  required  length 

r.A        2.4  X  11       .anA:„        1200 


EXAMPLES  FOR  PRACTICE 

1.  Find  the  resistance  per  foot  of  a  wire,  if  the  resistance  of  1  mile 
of  the  wire  is  14.75  ohms.  Ans.  .002793  ohm 

2.  If  the  resistance  of   18  inches  of  a  certain  piece  of  wire  is 
.027  ohm,  what  is  the  resistance  of  1,020  feet  of  the  same  wire  ? 

Ans.  18.36  ohms 
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12.    Variation   of  Refllstance  With  Sectional   Area. 

If  the  sectional  area  of  a  conductor  is  increased,  and  other 
conditions  remain  unchanged,  the  resistance  of  the  conductor 
will  be  decreased.  For  instance,  if  the  sectional  area  be 
doubled,  the  resistance  is  halved ;  and,  conversely,  if  the  sec- 
tional area  is  halved,  the  resistance  is  doubled.  The  resist- 
ance of  a  conductor,  therefore,  increases  with  decreasing 
sectional  area  and  diminishes  with  increasing  sectional  area. 
This  may  be  expressed  by  the  general  rule: 

Rule. —  The  resistance  of  a  conductor  varies  inversely  as 
its  sectional  area. 

If  the  resistance  and  sectional  area  of  one  conductor  and 
the  sectional  area  of  another  conductor  of  the  same  length 
and  material  are  given,  then  the  resistance  of  the  latter  may 
be  obtained. 

Let      r,  =  resistance  of  first  conductor ; 

r,  =  required  resistance  of  second  conductor; 

a^  =  sectional  area  of  first  conductor; 

a^  =  sectional  area  of  second  conductor. 


Then, 


r,  :  r,  =  a,  :  a^,  or  r,  =  ^  (4) 


If  the  resistance  and  sectional  area  of  one  conductor  and 
the  resistance  of  another  conductor  of  the  same  length  and 
material  but  different  sectional  area  are  given,  then  the  sec- 
tional area  of   the  second  conductor  may  be  obtained  by 

r  a 
solving  formula  4  for  a^,  which  gives  a^  =   — — -, 

Example  1. — The  resistance  of  a  conductor  whose  sectional  area  is 
.025  square  inch  is  .32  ohm;  what  will  be  the  resistance  of  a  conductor 
whose  sectional  area  is  .125  square  inch,  other  conditions  remaining 
unchanged  ? 

Solution. —  r^  =  .32  ohm;  a^  =  .025  sq.  in. ;  and  at  =  .125  sq.  in. 
Then,  by  formula  4,  the  required  resistance 

.32x025        _. .    ,  . 

fi  = —- —  =  .064  ohm    Ans. 

.1«D 
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Example  2. — The  sectional  area  of  a  conductor  is  .01  square  inch 
and  its  resistance  is  1  ohm;  if  its  sectional  area  is  decreased  to  .001 
square  inch,  and  other  conditions  remain  unchanged,  what  will  be  its 
resistance  ? 

Solution. —  ri  =  1  ohm;  ai  —  .01  sq.  in.;  and  at  =  .001  sq.  in. 
By  formula  4,  the  required  resistance 

1  X  .01       _    ,  . 

''«  =  — ?^?M —  =  10  ohms    Ans. 

13.    Variation  of  Resistance  Witli  Diameter.  —  The 

resistance  of  a  conductor  is  independent  of  the  shape  of  its 
cross-section.  For  example,  the  cross-section  may  be  cir- 
cular, square,  rectangular,  or  irregular  in  shape;  if  the  sec- 
tional area  is  the  same  in  all  cases,  the  resistances  will  be 
the  same,  other  conditions  being  similar.  When  comparing 
the  resistances  of  wires  of  circular  cross-section,  it  is  usually 
simpler  to  specify  the  diameter  of  the  wire  than  its  area. 
The  sectional  area  of  any  wire  of  circular  cross-section  is, 
however,  proportional  to  the  square  of  the  diameter;  for  the 
sectional  area  =  diameter*  X  .7854. 

Rule. —  T/ie  resistance  of  a  conductor  of  circular  cross- 
section  is  inversely  proportional  to  the  square  of  its  diameter. 

For  cylindrical  wires,  formula  4  may,  therefore,  be  reduced 
to  the  following  form: 

r  d* 
^  :  ^  =  d"  '  <\  or  r,  =  -^;-  (5) 

In  this  formula, 

r,  =  resistance  of  first  conductor; 

r,  =  required  resistance  of  second  conductor; 

rf,  =  diameter  of  first  conductor; 

d^  =  diameter  of  second  conductor. 

If  the  resistance  and  diameter  of  one  conductor  and  the 
resistance  of  another  conductor  of  the  same  length  and 
material  but  of  different  diameter  are  given,  then  the  diam- 
eter of  the  second  conductor  may  be  obtained  by  solving 

formula  5  for  rf„  which  gives  rf,  =  rf,  \/  -^. 
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Example  1. — The  resistance  of  a  round  copper  wire  .13  inch  in 
diameter  is  .64  ohm;  find  the  resistance  of  a  conductor  whose  diameter 
is  .24  inch,  the  other  conditions  remaining  unchanged. 

Solution. —    r,  —  .64  ohm;  //,  =  .12  in. ;  and  </,  =  .24  in. 
Then,  by  formula  5,  the  required  resistance 

.64x12*        _    .  . 

rt  = ^ —  =  .16  ohm    Ans. 

Example  2. — The  diameter  of  a  round  wire  is  .1  inch  and  its  resist- 
ance is  2  ohms;  what  would  be  its  resistance  if  its  diameter  were 
decreased  to  .02  inch  and  the  other  conditions  remained  unchanged  ? 

Solution. —    ri  =  2  ohms;  ^i  =  .1  in. ;  and  </«  =  .02  in. 
By  formula  5,  the  required  resistance 

2  X  .!•       2  X  .01       ^    .  . 

''^  = -:o2^  = -:ooor  =  ^  ^^'"'^  ^°^ 

14.  By  means  of  formulas  3,  4,  and  5,  it  is  possible  to 
readily  solve  problems  like  the  following: 

Example  1. — If  1,000  feet  of  copper  wire  having  a  diameter  of 
.05  inch  has  a  resistance  of  4  ohms,  what  will  be  the  resistance  of 
2,500  feet  of  a  rectangular  ribbon  of  copper  .06  inch  wide  and  .02  inch 
thick  ? 

Solution. — First  find  the  resistance  of  2,500  ft.  of  a  wire  having  a 

diameter  of  .05  in.     For  this  purpose  use  formula  3,  in  which  ri 

=  4  ohms.  A  =  1,000  ft.,  and  /,  =  2,500  ft.     The  resistance  of  2,500  ft. 

of  such  a  wire  is 

4X2,500       ,-    . 

'^^  =      1,000      =  ^^  ^^'"^ 

The  sectional  area  of  a  copper  wire  having  a  diameter  of  .05  in. 
=  .7854  X  (.05)«  =  .0019635  sq.  in. 

By  formula  4,  in  which  ri  =  10  ohms,  ai  =  .0019635  sq.  in.,  and  at 
■=  .06  X  .02  =  .0012  sq.  in.,  we  now  find  the  resistance  of  2,500  ft.  of  a 
rectangular  ribbon  of  copper  having  a  sectional  area  of  .0012  sq.  in. 
to  be 

^        10  X  .0019635       -«o«    u  A 

fi  = jrr--^ =  16.36  ohms    Ans. 

Example  2. — If  the  percentage  conductivity  of  a  certain  substance 
is  60,  what  will  be  the  resistance  at  0"  C.  of  1,000  feet  of  a  wire  of  this 
substance  having  a  diameter  of  .080808  inch  ? 

Solution. — Matthiessen's  standard  copper,  whose  percentage  con- 
ductivity is  taken  as  100,  has  a  resistance  per  mil-foot  at  0°  C.  of 
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9.59  ohms  (see  Table  I).     Hence,  a  wire  having  a  percentage  conduc- 

9  59 

tivity  of  60  would  have  a  resistance  per  mil-foot  of  -^  ohms.     The 

resistance  of  1,000  ft.  of  this  wire,  if  it  had  the  same  diameter  as  that 
of  the  copper,  that  is,  a  diameter  of  1  mil,  or  ^001  in.,  would  be 

9.59X1,000       9,590     .         ,         a^    -its       i^  .   -t    .u         •       u 
_ =  — __  ohms  (see  Art.   11).      But  if   the    wire   has  a 

.0  .0 

diameter  of  .080808  in.,  instead  of  .001  in,,  then,  according  to  for- 
mula 5,  it  would  have  a  resistance 

9,590  X  (.001 )»       o-ip    .^,     .„^ 
^  =  .6X(.080808)«  =  ^-^^^"'^    ^''^' 

Example  3. — Find  the  resistance  in  ohms  at  32*'  F.  of  1,000  feet  of  a 
wire  .2  inch  in  diameter  of  German  silver  composed  of  60  parts  of 
copper,  25  parts  of  zinc,  and  15  parts  of  nickel. 

Solution. — First  use  the  proportion  ri  :  ri  =  A  :  /,,  that  is,  for- 
mula 3,  in  which  ri  =  180.35  ohms  =  resistance  of  a  mil-foot  of  this 
German-silver  wire  at  32°  F.  (see  Table  II),  /,  =  1  ft.,  and  /.  =  1,000  ft. 
Then, 

r»/,        180.35  X  1,000       .q^  orcn    u 
ft  =  —7—  =  z =  180,350  ohms 

Now  use  the  proportion  r,  :  r»  =  (^a)*  :  (^j)*,  that  is,  formula  6, 
in  which  r,  =  180,350  ohms,  lit  =  .2,  and  dt  =  .001  in.  (1  mil).    Hence, 

180,350  X  (.001)*        .  ^^^„^    ^ 

r,  =  — - — ;-^ ^  =  4.50875  ohms    Ans. 

{.ay 


EXAMPLES   FOR  PRACTICE 

The  resistance  of  a  piece  of  round  copper  wire  .001  inch  in  diameter 
and  1  foot  long  is  10.8  ohms;  use  the  same  quality  of  copper  and 
solve  the  following  problems: 

1.  Find  the  resistance  of  1,200  feet  of  round  copper  wire  .102  inch 
in  diameter.  Ans.  1.2457  ohms 

2.  Find  the  resistance  of  1  mile  of  round  copper  wire  ^  inch  in 
diameter.  Ans.  3.6495  ohms 

3.  Find  the  resistance  of  1,600  feet  of  square  copper  wire  .1  inch  on 
a  side.  Ans.  1.2723  ohms 

4.  Find  the  resistance  of  1(J0  yards  of  copper  wire  .12  inch  wide  by 
.09  inch  thick.  Ans.  .23562  ohm 

Note. — The  temperature  of  the  copper  in  all  the  above  problems  is 
assumed  to  remain  constant. 
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RESISTANCE    OF    CIRCUITS 


SERTES-CIRCUTTS 

15.  When  a  number  of  resistances  are  connected  in 
series,  the  total  resistance  is  equal  to  the  sum  of  the  separate 

resistances.      For  instance, 

£ i^^^^^^f.  ^ in  Fig.  1  the  total  resistance 

from  a  to  d  is  equal  to  the 
Pig.  1  i-    t  '  I 

sum  of  the  resistances  a  o^ 

bCy  and  c d.      Hence,  if  the  resistance  oi  ab  is  10  ohms,  be 

15  ohms,  and  r  ^  20  ohms,  the  resistance  from  atod=  10 

+  15  +  20  =  45  ohms. 

PARALIiEIi,    OR  DIVIDKD,  CIRCUITS 

16.  A  divided,  or  shunt,  circuit  is  a  branch  or  additional 
circuit  provided  at  any  part  of  a  circuit  through  which  the 
current  branches,  or  divides,  part  flowing  through  the  original 
circuit  and  part  through  the  branch. 

One  branch  of  a  divided  circuit  is  said  to  be  in  multiple, 
or  in  parallel,  with  the  other  branch  or  branches  into  which 
the  circuit  is  divided. 

In  the  case  of  divided  circuits,  each  of  the  branches  acts  as 
a  shunt  circuit  to  the  others.  A  circuit  or  a  portion  of  a 
circuit  may  be  divided  into  any  number  of  branches. 

In  treating  divided  or  shunt  circuits,  only  that  part  of  the 
circuit  will  be  considered  which  is  divided  into  branches, 
each  branch  transmitting  part  of  the  current;  the  rest  of  the 
circuit  is  assumed  to  be  closed  through  some  electric  source; 
as,  for  instance,  a  voltaic  battery. 

Before  applying  Ohm's  law  to  divided  circuits,  it  is  neces- 
sary that  the  meaning  of  conductance  be  thoroughly  under- 
stood. It  has  been  explained  that  conductance  is  the  inverse 
of  resistance;  or,  in  other  words,  it  is  the  reciprocal  of 
resistance.    Therefore,  conductance  may  be  defined  as  being 

equal  to  -r^;  from  which  it  follows  that  the  conductance  is 

greater  the  less  the  resistance. 
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The  conductance  of  any  conductor  is,  therefore,  one 
divided  by  the  resistance  of  the  conductor;  and,  conversely, 
the  resistance  of  any  conductor  is  one  divided  by  the  con- 
ductance of  that  conductor.     For  example,  if  the  resistance 

of  a  circuit  is  2  ohms,  the  conductance  is  represented  by  -^ 

=  ^;  if  the  resistance  is  increased  to  4  ohms,  the  conduct- 
ance would  be  only  one-half  as  much  as  in  the  first  case, 
and  would  now  be  \, 

17.     Fig.  2  represents  a  divided  circuit  of  two  branches. 

Let  r,  =  resistance  of  one  branch ; 

r,  =  resistance  of  the  other  branches; 
/,  and  /,  =  currents  in  each  branch,  respectively ; 
/  =  current  in  the  main  circuit. 

Then,  /,  +  /,  =  / 

When  the  current  flows  from  a  to  ^,  if  the  resistances  r, 
and  r,  are  equal,  the  current  will  divide  equally  between 
the  two   branches.     Thus,    if   a   current   of   4   amperes   is 

flowing  in  the  main  circuit,  n 

2  amperes  will  flow  through 
each  branch. 

When  the  resistances  are  -ft 

unequal,    the    current    will  ^^^-  * 

divide  inversely  as  the  respective  resistances  of  the  two 
branches;  or,  since  the  conductance  is  the  reciprocal  of  the 
resistance,  the  current  will  divide  in  proportion  to  their 
respective  conductances. 

In    Fig.    2   the   conductances   of   the   two   branches   are 

—  and  — ,  respectively. 

'  \  '  % 

Therefore, 

.     /.:/.  =  ^  4;  or,  /,  =  ^'  (6) 

Example.— Given  /  =  60  amperes;  ri  =  2  ohms;  r j  =  3  ohms. 
Find  Ix  and  /». 
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Solution. —    -/  =  — ,  or  -^  =  ^,  or  /,  =  -  -.    But  I^  -k- 1%  —  60,  or 

3  / 
/j  =  60  —  It.     Substituting  for  the  value  of  A  gives  60  —  /,  —  -  ^-• 

Simplifying  gives  5  /,  =  120,  or  /»  =  24  amperes.    Ans.     A  =  60  —  24 
=  36  amperes.     Ans. 

18.  It  is  clear  that  two  conductors  in  parallel  will  con- 
duct an  electric  current  more  readily  than  one  alone ;  that 
is,  their  joint  conductance  is  greater  than  that  of  either 
taken  alone.  This  being  the  case,  their  resistances  must 
follow  the  inverse  law,  viz.,  the  joint  resistance  of  two  con- 
ductors in  parallel  must  be  less  than  that  of  either  taken 
alone. 

Rule. — If  the  resistances  of  iivo  condtutors  are  equal^  their 
joint  resistance  when  connected  in  parallel  is  one-half  the 
resistance  of  either  conductor. 

Suppose  a  conductor  A  B,  Fig.  3,  is  split  longitudinally 
into  halves  a  and  b.     If  A  B  has  a  total  resistance  of  5  ohms 

between  the  points  c  and  d,  evi- 
dently the  branches  a  and  b  must 
each  have  a  resistance  of  10  ohms, 
since  they  have  only  one-half  of 
the  sectional  area  of  the  whole 
conductor  A  B.  Thus,  their  joint  resistance  does  not 
amount  to  10  -|-  10    =  20  ohms,  but  to  Y   =   5  ohms  only. 

19.  When  the  resistances  of  two  conductors  are  unequal, 
the  determination  of  their  joint  resistance  when  connected 
in  parallel  involves  some  calculation. 

In  Fig.  2  the  conductances  of  the  branches  are  —  and  — , 

1        1         r  +  r 
respectively.     Their  joint  conductance  =  — | =  -^ ^\ 

their  joint  resistance 

A>"  =  1  -=-  !l±Zi  =     ^'^'   .  (7) 

^^  ^  +  ^ 

Rule. —  The  joint  resistance  of  two  conductors  in  parallel 

is  equal  to  the  product  of  their  resistances  divided  by  the  sunt, 

of  their  resistances. 
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Example.— In  Fig.  2,  given  ri  =  4  ohms,  r,  =  6  ohms,  and  I 
=  30  amperes.  Find  the  current  A  and  A  in  each  branch  and  the 
joint  resistance  of  the  branches  from  a  to  b, 

/ft  ft  /" 

Solution.—    —  =  j,  or  A  =  -^.      But  /,  +  /,  =  30,   or  A  =  30 

-  A;  substituting,  30  —  A  =  -r-'.     Reducing  gives  10  A  =  120,  or  A 

=  12  amperes.     Ans.     A  =  30  —  12  =  18  amperes.     Ans. 

r,  r,        4x6 


By  formula  7,  the  joint  resistance  R'  = 


^i-hrj 


10 


=  2.4  ohms. 
Ans. 


30.     Fig.  4  represents  a  divided  circuit  of  three  branches. 


Let   r„    r„ 


and    r,  =  the  re- 
sistances of  the  three  branches, 

respectively ;  then,  — ,  — ,  and  -     — 

represent  the  conductances  of 
the  three  branches,  respe^ct- 
ively.     Their  joint  conductance 

=  i  +  i  +  1  =  ^^  +  ^^  +  ^^ 


-rv/v^/\/\^  A 


^-^rJtnjXj^ 


Pio.  4 


r    '  r    '  r 


r  r  r 


Since  the  joint  resist- 


ance is  the  reciprocal  of  the  joint  conductance,  then 


ni  _.  .  ^^+^^  +  ^^ 


R''  =  1 


T   T   Y 


r  T  r 


— ,  (8) 

which  is  the  joint  resistance  of  the  three  branches  in  parallel 
from  a  to  b.     We  have,  therefore,  the  following: 

Rule. —  The  joint  resistance  of  three  or  more  conductors  in 
parallel  is  equal  to  the  reciprocal  of  their  joint  conductance. 

When  four  or  more  resistances  are  connected  in  parallel, 
the  following  general  formula  for  computing  their  joint 
resistance  is  usually  the  most  convenient  to  employ : 

1 

1    .    JL    ,    1    ,    1    ,  (9) 

r,      r^      r'  r. 


R  = 


Example. — In  Fig.   4,   given  r,  =  5  ohms,  rj  =  10  ohms,  and  r^ 
=  20  ohms.     Find  their  joint  resistance  from  a  to  b. 

Solution. — By  formula  8,  the  joint  resistance 
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rxrtrt  5  x  10  x  20  1,000 


^'"  = 


rt r,  ^-r^rt-^t  r,  r,        (10  x  'iO)  +  (5  X  20)  +  (5  X  10)        860 

20 
=  -i-  —22  ohms     Ans. 

7 


21«     In  any  divided  circuit,  the  dlfTerence  of  potential 

between  where  the  branches  divide  and  where  they  unite  is 
equal  to  the  product  of  the  sum  of  the  currents  in  all  the 
branches  and  their  joint  resistance  in  parallel,  as  will  be 
apparent  from  a  consideration  of  Ohm's  law.  For  example, 
if  the  currents  in  the  three  branches,  Fig.  4,  are  16,  8,  and 
4  amperes,  respectively,  and  the  joint  resistance  from  a 
to  b  is  24  ohms,  then  the  difference  of  potential  between  a 
and  *  is  (16  +  8  +  4)  X  2f  =  28  X  V   =  ^0  volts. 

*i*i.  The  currents  In  the  branches  of  a  divided  circuit 
can  be  determined  by  finding  the  difference  of  potential 
between  the  points  where  the  branches  divide  and  where 
they  unite,  and  dividing  the  result  by  the  resistance  of  each 
branch.  For  example,  in  Fig.  4  assume  that  the  difference 
of  potenial  between  a  and  b  is  80  volts,  and  that  the  separate 
resistances  of  the  three  branches  are,  respectively,  5,  10, 
and  20  ohms.  Then  the  current  in  the  first  branch  is  ^ 
=  10  amperes;  in  the  second,  JJ  =  8  amperes;  and  in  the 
third,  \%  =  4  amperes. 

23.  The  resistances  of  the  branches  of  a  divided  cir- 
cuit can  be  determined  by  finding  the  difference  of  poten- 
tial between  the  points  where  the  branches  divide  and  where 
they  unite,  and  dividing  the  result  by  the  currents  in  each 
branch.  For  example,  in  Fig.  4  assume  the  difference  of 
potential  between  a  and  b  to  be  80  volts,  and  the  currents  in 
the  branches  to  be  10,  8,  and  4  amperes,  respectively; 
then,  the  resistance  of  the  first  branch  is  J  J  =  5  ohms;  of  the 
second,  Y  =  ^^  ohms;  and  of  the  third,  y   =  20  ohms. 

Example  1. — The  sum  of  the  currents  in  the  three  branches  ri,  rj, 
and  r%  of  a  divided  circuit  is  52  amperes  and  the  resistance  of  Vx 
—  4  ohms,  ra  =  6  ohms,  and  r%  —  %  ohms.  How  much  current  flows 
through  each  branch  ? 
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Solution. — According  to  formula  8,  the  joint  resistance  of  the 

4x6x8  24 

three  branches  =  4^^  +  4x8  +  6x8  =18=  *-^  *'^'"^-  ^*='^°'"*- 
ing  to  Ohm's  law,  the  drop  of  potential  between  the  two  points  where 
the  branches  are  connected  together  =  52  x  H  =  ^  volts.  Then, 
according  to  Ohm's  law,  the  current 

in  branch  ri  =  ^  =  24  amperes  \ 

in  branch  r»  =  V  =  16  amperes  v  Ans. 

in  branch  r,  =  V-  =  1^  amperes  ) 

Example  2. — Four  coils  A,  B,  C,  and  D  are  connected  in  parallel: 
the  resistance  ot  A  is4  ohms ;  B^  5  ohms ;  C,  8  ohms ;  and  Z?,  10  ohms. 
(a)  What  is  the  joint  resistance  of  the  four  coils  ?  (^)  If  the  current 
flowing  through  A  alone  is  40  amperes,  how  much  current  flows 
through  each  of  the  other  coils  ? 

SoLUTioHr. — (a)  The  joint  resistance  of  the  four  coils  in  parallel  is 
equal  to  the  reciprocal  of  the  sum  of  the  conductances  of  the  four  coils 
=  i  +  i  +  i  +  i\r  =  if'  Hence,  the  joint  resistance  of  the  four  coils  in 
parallel  is  equal  to  the  reciprocal  of  fj,  that  is,  |f  =  1.481  ohms.     Ans. 

(d)  The  fall  of  potential  through  the  coil  ^  =  40  X  4  =  160  volts. 
Since  the  four  coils  are  joined  in  parallel,  160  volts  must  also  be  the 
fall  of  potential  through  B^  C,  and  D\  hence  the  current  in  ^  =  ^ 
=  32  amperes,  the  current  in  C  =  ^^  =  20  amperes,  and  the  current 
in  Z>  =  ^f^  =  16  amperes.     Ans. 

Example  3. — As  shown  in  Fig.  5,  the  two  coils  A  and  B  are  con- 
nected in  parallel  with  each  other,  and  in  series  with  the  coil  C  and 
the  dynamo  D.  Suppose 
that  the  resistance  of  the 
coil  y^  is  40  ohms;  B, 
60  ohms ;  C,  29  ohms ;  the 
internal  resistance  r<,  of 
the  dynamo,  1  ohm;  and 
the  voltage  across  the  ter- 
minals of  the  dynamo  on  open  circuit  108  volts,  (a)  "What  will  be 
the  joint  resistance  of  the  two  coils  A  and  B  ?  (d)  What  will  be  the 
total  resistance  of  the  circuit  ?  (c)  What  will  be  the  total  current  ? 
((f)  What  will  be  the  difference  of  potential  across  the  terminals  of  the 
dynamo  when  the  circuit  is  closed  ?  (f)  What  will  be  the  current  in 
each  coil  ? 

Solution. — (a)  The  joint  resistance  of  the  two  coils  A  and  B  in 

...       40  X  60       ...  . 

parallel  =  i^-  -«^  =  24  ohms.    Ans. 
*^  40  +  60 

{d)  The  total  resistance  of  the  circuit  is  equal  to  the  sum  of  the 
internal  and  external  circuit,  and  hence  the  total  resistance  of  the  cir- 
cuit =  24  4-  29  4-  1  =54  ohms.     Ans. 

43—9 
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(c)    According  to  Ohm's  law,  the  total  current 

total  electromotive  force 


total  resistance  of  the  circuit' 

hence,  /  =  ^ff-  =  2  amperes.     Ans. 

(</)  The  difference  of  potential  across  the  terminals  of  the  dynamo 
when  the  circuit  is  closed  is  equal  to  the  voltage,  or  electromotive 
force,  on  open  circuit  less  the  drop  through  the  dynamo  when  the  cir- 
cuit is  closed,  that  is,  ^'  =  ^—  /r<  =  108  -  2  x  1  =  106  volts,  which 
is  the  voltage  across  the  dynamo  terminals  when  3  amperes  are  flowing 
through  the  circuit.     Ans. 

(e)  The  difference  of  potential  across  the  two  coils  A  and  B,  which 
are  in  parallel,  =  /x  ^,  in  which  R  is  the  joint  resistance  of  the  two 
coils  in  parallel  and  /is  the  total  current  through  both  coils;  hence  /X  ^ 
=  2  X  34  =  48  volts.  Then  the  current  in  ^  =  JJ  =  1.2  amperes  and  the 
current  in  -5  =  J}  =  .8  ampere.    The  current  in  C  =  2  amperes.    Ans. 

Example  4. — Two  branches  of  a  divided  circuit  are  both  made  of 
copper  wire.  One  branch  A  is  sl  round  wire  1,000  feet  long  and 
.02  inch  in  diameter,  the  second  branch  /?  is  a  square  wire  .02  inch  on 
a  side  and  1,000  feet  long;  if  the  sum  of  the  currents  in  the  two 
branches  is  2.6  amperes,  what  is  the  current  in  each  branch  ? 

Solution.— The  sectional  area  of  ^  is. 02«  X  .7854  =  .00031416  sq.  in. 
The  sectional  area  of  ^  is  .02  X  .02  =  .0004  sq.  in.  The  conductance  of 
a  conductor  is  proportional  to  its  sectional  area ;  therefore,  the  relative 
conductances  of  the  two  branches  A  and  B  are  .00031416  and  .0004, 
respectively.  The  current  divides  among  the  branches  of  a  divided 
circuit  in  proportion  to  their  conductances ;  therefore,  if  A  represents 
the  current  in  branch  A,  and  A  the  current  in  branch  B,  then 

/»  :  /,  =  .00031416  :  .0004;  or  A  :  /,  =  .7854  :  1 ; 
hence,  /,  =  .7854  X  A-     Now  A  -h  A  =  2.6,  or  A  =  2.6  —  A.     Equa- 
ting the  values   of  A  gives   2.6  —  A  =  .7864  X  A.   or    A  = 
=  1.4562  amperes  in  B.     Ans. 

A  =  2.6  -  1.4562  =  1.1488  amperes  in  A    Ans. 


2.6 

1.7864 


EXAMPLES   FOR   PRACTICE 

1.  The  resistances  of  two  branches  X  and  K  of  a  divided  circuic 
are  13  and  29  ohms,  respectively.  Find  their  joint  resistance  in  par- 
allel. Ans.  8.9762  ohms 

2.  The  sum  of  the  currents  in  two  branches  X  and  K  of  a  divided 
circuit  is  28  amperes.  If  the  resistance  of  X  alone  is  7  ohms  and  the 
resistance  of  K  alone  is  4  ohms,  what  is  the  current  in  each  branch  ? 

.        {  Current  in  branch  A' is  10.1818  amperes 
■  i  Current  in  branch  V  is  17.8182  amperes 
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3.  The  resistances  of  three  branches  of  a  divided  circuit  are, 
respectively,  36,  45,  and  64  ohms.  Find  their  joint  resistance  in 
parallel.  Ans.  15.2381  ohms 

4.  The  joint  resistance  of  three  conductors  X^  V,  and  Z,  connected 
in  parallel,  is  2.5  ohms.  If  the  currents  in  the  branches  are,  respect- 
ively, .6,  .7,  and  .8  ampere,  what  is  the  resistance  of  each  branch  ?. 

/  Resistance  of  branch  X  =  8.75  ohms 
Ans.  <  Resistance  of  branch  K  =  7.5  ohms 
(  Resistance  of  branch  Z  =  6.5625  ohms 

6.  The  resistances  of  three  branches  X,  K,  and  iT  of  a  divided 
circuit  are,  respectively,  2, 3,  and  4  ohms.  If  the  sum  of  the  currents 
in  the  three  branches  is  26  amperes,  what  is  the  current  in  each  branch  ? 

fl2  amperes  in  branch  X 

Ans.  ■<    8  amperes  in  branch  V 

\   6  amperes  in  branch  Z 

6.  If  the  resistances  of  the  two  branches  A  and  B,  Fig.  5,  are  70 
and  98  ohms,  respectively,  and  a  current  of  2  amperes  is  flowing  in  the 
main  or  undivided  portion  of  the  circuit,  what  is  the  difference  of 
potential  in  volts  between  m  and  n  ?  Ans.  87.48  volts 

7.  The  joint  resistance  in  parallel  of  two  branches  A  and  B  of  a 
divided  circuit  is  47.0  ohms;  if  the  resistance  of  .<4  is  2.7  times  the 
resistance  of  B^  what  is  the  resistance  of  each  branch  ? 

.        (  Resistance  of  branch  A  =  177.23  ohms 
*  (  Resistance  of  branch  B  =  65.6407  ohms 


INTERNAL  HESISTAKCE  OF  BATTERFES 

24.  In  a  simple  voltaic  cell,  the  Internal  resistance, 
that  is,  the  resistance  of  the  two  plates  and  the  electrolyte, 
is  of  great  importance,  for  it  determines  the  maximum 
strength  of  current  that  can  possibly  be  obtained  from  the 
cell.  In  the  common  forms  of  cells,  the  internal  resistance 
may  be  excessively  large,  owing  to  the  resistance  of  the  elec- 
trolyte, the  relative  resistance  of  ordinary  liquids  used  as 
electrolytes  being  from  1,000,000  to  20,000,000  times  that 
of  the  common  metals.  In  liquids,  as  in  all  conductors,  the 
resistance  increases  as  the  length  of  the  circuit  increases,  and 
diminishes  as  its  sectional  area  increases.  Consequently, 
the  internal  resistance  of  a  simple  voltaic  cell  is  reduced  by 
decreasing  the  distance  between  the  two  plates  or  elements 
ftnd  by  increasing  their  active  surfaces, 
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!35.  Cells  in  Series. — When  a  number  of  cells  forming 
one  battery  are  joined  in  series,  as  shown  in  Fig.  6,  the  total 

_i   internal    resistance    of    the 

^5s;|l^P^P^F*5|P^F^   battery  is  equal  to  the  sum 

of  the  internal  resistances  of 
all  the  cells.  When  all  the 
cells  joined  together  in  series  are  similar  in  kind,  size,  and 
condition,  as  is  usually  the  case,  the  total  internal  resistance 
is  equal  to  the  resistance  of  one  cell  multiplied  by  the  num- 
ber of  cells. 

26,  Cells  in  Parallel. — When  a  number  of  cells  are 
joined  in  parallel,  as  shown  in  Fig.  7,  the  total  internal 
resistance  of  the  battery  is 


\'H-,H\\'H-, 


equal  to  the  reciprocal  of  the  ^^^       ^\ 
sum  of  the  conductances  of  \\     ?!    '?!    '^1    '^1    '^1 

all  the  cells.     The  sum  of  the         V^ 
conductances  is  the  sum  of 

the  reciprocals  of  the  resistance  of  each  cell.  When  all  the 
cells  joined  together  in  parallel  are  similar  in  kind,  size,  and 
condition,  as  is  usually  the  case,  the  total  internal  resistance 
is  equal  to  the  resistance  of  one  cell  divided  by  the  number 
of  cells.  A  number  of  similar  cells  joined  together  in  par- 
allel is  really  equivalent  to  one  larger  cell,  each  immersed 
element  of  which  has  a  surface  equal  in  area  to  the  sum  of 
the  areas  of  the  immered  surfaces  of  the  similar  elements 
of  all  the  cells  joined  in  parallel. 

27.    Cells  In  Multiple  Series. — When  a  number  of  cells 

of  similar  kind,  size,  and  condition  are  joined  in  multiple 

I       I 1  , series  or  parallel  series,  as 

C        ilh"f        \^\        lift      ^^^"^^  ^^'  ^^^-  ^'  ^^^  ^^^^* 

internal    resistance    is    ob- 
tained   by  multiplying  the 
resistance  of  one  cell  by  the 
^^'  ®  number  of  cells  in  series  in 

one  group  or  row  and  dividing  the  product  so  obtained  by 
the  number  of  groups  or  rows  joined  in  parallel. 
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28.  The  foregoing  principles  may  be  very  nicely  expressed 
by  the  following  formula,  in  which  b  represents  the  internal 
resistance  of  one  cell ;  j,  the  number  of  cells  joined  together 
in  series  in  one  row ;  /,  the  number  of  rows  joined  in  mul- 
tiple, or  parallel ;  and  B^  the  total  resistance  of  the  group 
of  cells : 

B  =  i^         (10) 

If  all  the  cells  are  in  series,  there  is  only  1  row ;  that  is, 
/  =  1,  hence  B  =  sb.     If  all  the  cells  are  in  parallel,  then 

the  number  in  series  is  one,  that  is,  j  =  1,  hence  B  -=.  --, 

P 

Example. — If  the  internal  resistance  of  each  cell  in  Figs.  6,  7, 
and  8  is  equal  to  8  ohms,  what  is  the  total  internal  resistance  of  the 
whole  group  of  cells  in  each  figure  ? 

Solution. — In  Fig.  6  there  are  6  cells  in  series,  hence  the  total 
internal  resistance  of  the  group  is  6  X  3  =  18  ohms.     Ans. 

In  Fig.  7  there  are  6  cells  in  parallel,  hence  the  total  internal 
resistance  of  the  group  is  }  =  ^  ohm.    Ans. 

In  Fig.  8  there  are  3  groups  of  cells,  each  group  consisting  of  2  cells 

joined  in  series.      Hence,  in  formula   10,   ^  =  8,  /  =  3,  and  x  =  2 ; 

2x8 
consequently,  the  total  internal  resistance  B  —  — 5 —  =  2  ohms.    Ans. 

The  internal  resistance  of  the  ordinary  forms  of  cells  varies  from 
about  .02  to  20  ohms. 

29.  Current  in  a  Circuit  Containing:  Voltaic  Celjs. — 
When  a  battery  constitutes  part  of  a  circuit,  the  battery  is 
not  only  acting  as  a  source  of  E.  M.  F.,  but  constitutes 
also  a  part  of  the  total  resistance  of  the  circuit.  The  current 
that  flows  in  a  circuit  containing  a  number  of  voltaic  cells 
is  equal  to  the  total  electromotive  force  of  the  cells  divided 
by  the  total  resistance  of  the  circuit,  the  total  resistance  of 
the  circuit  being  equal  to  the  sum  of  the  external  and  internal 

E 
resistances.     Hence,  the  current  /  =  -77— — 75. 

h  -\-  K 

The  internal  resistance  of  the  battery  is,  under  certain 

conditions,  very  effective,  and  in  some  cases  determines  the 

most  suitable  arrangement  of  the  cells  for  the  production  of 
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the  proper  current  strength.  The  current  that  will  flow  in 
a  circuit  containing  a  number  of  voltaic  cells  and  an  external 
resistance  may  be  computed  by  means  of  the  following  for- 
mula: Let  /equal  the  current;  r,  the  electromotive  force  of 
each  cell;  ^,  the  internal  resistance  of  each  cell;  s,  the  num- 
ber of  cells  connected  in  series  in  one  row;  /,  the  number  of 
rows  of  cells  joined  in  parallel ;  and  R^  the  total  external 
resistance  of  the  circuit ;  then, 


/  = 


s  e 


i±+R 


(11) 


j^=^=  total   electromotive   force  of   the   battery,   and 
—  =  Z>^  =  total  internal  resistance  of  the  battery. 

Example  1. — The  total  electromotive  force  of  a  voltaic  battery  is 
22  volts  and  its  total  internal  resistance  is  11  ohms;  what  is  the  resist- 
ance of  the  external  circuit  if  .5  ampere  is  flowing  through  the  circuit  ? 

E 
Solution. — The  current  /  =  -^ t>   i^i  which  /  =  .5  ampere 

jE"  =  22  volts,  and  ^  =  11  ohms.   Solving  for  R^  which  is  the  unknown 


quantity,  we  have  R  = 


E--IB  _  22  -  .5  X  11 
/        "■  .5 


=  33  ohms.    Ans. 


Kx AMPLE  2. — If,  in  Fig.  9,  the  electromotive  force  and  internal 

resistance    per    cell    be 
1.5    volts  and    3    ohms, 

^BBgS^Oohmw  respectively,  the  resist- 
ance of  the  line  wire 
20  ohms,  and  the  resist- 
ance of  the  coils  of  each 
telegraph  sounder  20 
ohms,  what  will  be  the 
current  flowing  in  the 
PIG.  9  circuit  ? 

Solution.— In  this  figure,   j  =  13,  /  =  2,  ^  =  204-20-^20  =  60. 
Then,  by  formula  3  1,  we  have 


/  = 


13x1.5 


13x3 


=  .245  ampere    Ans. 


-hGO 
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EXAMPI^  FOR  PRACTICE 


A  voltaic  battery  whose  internal  resistance  is  86  ohms  is  connected 
to  a  copper  wire  having  a  resistance  of  22  ohms;  what  is  the  total 
electromotive  force  in  volts  generated  in  the  battery,  if  a  current  of 
2  amperes  flows  under  these  conditions  ?  Ans.  116  volts 


SIZES   AND    RESISTANCES   OF   WIRES 


"WIRE  GAUGES 

30.  Sizes  of  Wire. — Unfortunately,  various  standards 
of  wire  gauges  have  been  adopted  by  different  manufac- 
turers, with  the  result  that  there  is  a  lack  of  uniformity 
in  this  direction,  which  frequently  causes  confusion.  The 
standards  by  which  the  various  sizes  of  wire  are  designated 
are  usually  termed  wire  g:aug:es.  In  each  gauge  a  par- 
ticular number  refers  to  a  wire  having  a  certain  diameter. 
The  size  of  wire  generally  decreases  as  the  gauge  number 
increases,  but  the  law  by  which  this  decrease  occurs  is  not 
the  same  in  the  different  gauges.* 

31.  Circular  Measure. — The  best  method  of  desig- 
nating the  size  of  a  wire  is  to  express  its  diameter  in  viils 
and  its  sectional  area  in  circular  mils, 

32.  A  mil  is  a  unit  of  length  used  in  measuring  the 
diameter  of  wires,  and  is  equal  to  y^o  (t  ^^^^  I  \.\i?X  is,  1  mil 
=  .001  inch. 

33.  A  circular  mil  is  a  unit  of  area.  If  the  diameter 
of  a  wire  is  given  in  mils,  the  square  of  this  diameter  gives 
its  sectional  area  in  circular  mils.  This  method  of  express- 
ing the  area  of  cross-section  of  a  Avire  is  chosen  in  prefer- 
ence to  expressing  it  in  square  inches,  because  a  very  simple 
relation  exists  between  the  circular  mil  and  the  diameter  of 
a  wire,  so  that  either  is  more  easily  determined  from  the 
other  than  if  the  area  were  expressed  in  square  inches. 

The  area  of  any  circle  in  square  measure  is  equal  to  rr* 
=  i  ^  //',  where  r  is  the  radius  and  ^the  diameter  of  the  circle. 


28  ELECTRICAL  RESISTANCE  §  3 

If  d  is  expressed  in  inches,  the  are&  \  tz  iV  will  be  in  square 
inches.  If  d  is  in  mils,  the  area  |rrf'  will  be  in  square 
mils.  The  area  of  a  circle  1  mil  in  diameter  is  J  sr  x  1* 
=  i^TT  square  mil  =  1*  circular  mil;  and,  hence,  1  square  mil 

4    .  . 

=  -  circular  mils.     The  area  of  any  circle  in  circular  mils 

will  be  equal  to  the  area  of  that  circle  in  square  mils  multi- 
plied by  the  number  of  circular  mils  in  1  square  mil;  thus, 
the  area   of  a  circle  d  mils  in  diameter,  expressed  in  cir- 

4 
cular  mils  C.  M.,  is  equal  to  J?r^  X  -  =  ^. 

From  this  we  see  that  the  area  of  any  circle  expressed  in 
circular  mils  is  equal  to  the  square  of  the  diameter  expressed 
in  mils,  that  is,  C.  M.  =  </*. 

Example  1. — What  is  the  area  in  circular  mils  of  a  round  wire 
having  a  diameter  of  .46  inch  ? 

Solution. —  .46  inch  =  460  mils.  Since  the  area  in  mils  is  equal  to 
the  square  of  the  diameter  in  mils,  we  have 

460  X  460  =  211.600  cir.  mils    Ans. 

Example  2. — Find  the  area  of  a  round  copper  rod  having  a  diameter 
of  y'y  inch. 

Solution. —    -f^  in.  =  187.5  mils. 

187.5  X  187.5  =  35,156.25  cir.  mils    Ans. 

If  we  know  the  area  of  a  wire  in  circular  mils,  we  may 
obtain  the  diameter  in  mils  by  extracting  the  square  root  of 
its  area  in  circular  mils. 

Example  3. — What  is  the  diameter  of  a  wire  having  a  sectional  area 
of  1,021.5  circular  mils  ? 


Solution.—     |/l.021.5  =  31.961  mils  =  .031961  in.     Ans. 

34.     Brown  &  8hai*pe9  or  American,  Gauiire. — In  the 

United  States,  copper  wire  is  usually  designated  by  this 
gauge,  which  is  generally  termed  B.  &  S.  The  rule  by  which 
the  sizes  of  wire  increase  as  the  gauge  numbers  diminish  is 
so  simple  in  this  gauge  that  it  is  surprising  so  few  people 
understand  it.  If  we  take  any  gauge  number  as  a  basis  of 
comparison,  then,  by  adding  3  to  the  gauge  number,  we 
obtain  the  number  of  a  wire  having  very  nearly  one-half  the 
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sectional  area.  To  illustrate:  One  No.  7  wire  will  have  the 
same  sectional  area  as  two  No.  lO's,  as  four  No.  13's,  as 
eight  No.  16's,  and  so  on.  Similarly,  by  subtracting  3  from 
any  gauge  number,  we  obtain  the  number  of  a  wire  having 
very  nearly  twice  the  sectional  area.  Thus,  one  No.  1  has 
twice  the  area  of  a  No.  4;  one  No.  10  has  twice  the  area  of  a 
No.  13.  A  little  study  will  show  that  the  ratio  between  the 
area  of  each  wire  and  the  next  smaller  or  larger  is  equal  to 
the  cube  root  of  2,  or  1.26,  for,  in  order  to  obtain  the  size 
of  a  wire  of  twice  the  area  of  a  given  wire,  we  must  multiply 
the  area  of  the  given  wire  by  the  ratio  three  times,  therefore 
the  cube  of  the  ratio  must  be  equal  to  2. 

From  the  foregoing  we  may  deduce  the  following  rules, 
remembering  that  the  resistance  of  a  wire  varies  inversely 
as  its  sectional  area : 

Rule  I. —  The  ratio  between  the  resistance  of  any  wire  in 
the  B.  &  S,  gauge  aiid  that  of  the  next  higher  number  is  that 
of  1  to  1.  m. 

Rule  II. —  The  ratio  betiveen  the  resistance  of  any  wire  in 
the  B.  &  5.  gauge  and  that  of  the  next  lower  number  is  that 
of  1.26  to  1. 

A  wire  three  sizes  smaller  than  a  given  wire  will  have  a 
resistance  twice  as  great,  and  a  wire  three  sizes  larger  will 
have  a  resistance  one-half  as  great  as  that  of  the  given  wire. 

Example  1. — Find  the  resistance  of  1,000  feet  of  No.  16  B.  &  S.  gauge 
copper  wire  having  given  that  the  resistance  of  1,000  feet  of  No.  10 
wire  is  1  ohm. 

Solution. — No.  16  is  six  sizes  smaller  than  No.  10,  and  will  therefore 
have  2x2  =  4  times  the  resistance.     4x1=4  ohms.     Ans. 

Example  2. — The  resistance  of  a  No.  12  B.  &  S.  gauge  copper  wire  is 
8.37  ohms  per  mile.  What  is  the  resistance  (a)  of  a  mile  of  No.  11  ? 
{p)  of  a  mile  of  No.  18  ? 

Solution.— (a)  8.87  -i- 1.26  =  6.64  ohms.    Ans. 
ij?)   8.37  X  1.26  =  10.55  ohms.     Ans. 

Example  3. — The  resistance  of  a  No.  00  B.  &  S.  gauge  copper  con- 
ductor is  .411  ohm  per  mile.  What  is  the  resistance  of  a  similar 
conductor  of  No.  3  gauge  ? 
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Solution. — The  third  size  smaller  than  No.  00  is  No.  2.  The  resist- 
ance of  No.  2  per  mile  is,  therefore.  2  X  .411  =  .822  ohm.  The 
resistance  of  No.  3  is  1.26  times  that  of  No.  2,  or  .822  X 1-26 
=  1.036  ohms.     Ans. 

35.  It  is  a  very  convenient  fact  to  remember  that  the 
diameter  of  a  No.  10  wire  in  the  B.  &  S.  gauge  is  very  close 
to  tV  *"^^  (.10189),  and  that  the  resistance  of  a  No.  10 
annealed  copper  wire  per  thousand  feet  is  practically  1  ohm 
(.9972).  For  rough  values,  one  can,  by  remembering  these 
facts,  compute  the  resistance  or  sectional  area  of  any  other 
size  of  copper  wire  in  the  B.  &  S.  gauge  without  using  the 
table.  For  accurate  calculations,  however,  it  is  always 
better  to  consult  a  table  giving  the  various  properties  of 
different  sizes. 

36,  Otlier  Wire  Gaugres. — Besides  the  Brown  &  Sharpe 
gauge,  the  following  have  been  or  are  used  to  a  considerable 
extent:  Birmingham,  or  Stubs's,  wire  gauge,  abbreviated  to 
B.  W.  G. ;  Washburn  &  Moen  Manufacturing  Company's 
gauge;  Trenton  Iron  Company's  gauge;  G.  W.  Prentiss's 
gauge;  British  Standard  wire  gauge,  abbreviated  S.  W.  G. ; 
and  the  old  English  gauge.  Table  VII  shows  the  diameters 
of  the  wires  of  the  different  gauge  numbers  according  to 
each  of  these  standards. 


COPPER  WIRE 

37.  Matthlessen's  Standard. — Tables  giving  the  resist- 
ance of  the  various  sizes  of  copper  wire  are  usually  based  on 
the  grade  of  wire  used  by  Matthiessen  in  determining  the 
resistance  of  copper.  The  conductivity  of  the  wire  used  by 
Matthiessen  was  at  one  time  the  highest  known,  but  copper 
wire  has  since  been  produced  having  a  somewhat  higher 
conductivity.  From  Matthiessen's  measurements,  it  has 
been  determined  that  a  piece  of  soft  copper  wire  1  foot 
long,  and  having  a  uniform  diameter  of  .001  inch,  has  a 
resistance  of  9.590  international  ohms  at  a  temperature  of 
0°  C.  Such  a  piece  of  wire  is  termed  a  mil-foot^  meaning 
that  its  diameter  is  1  mil  and  its  length  1  foot.     Inasmuch 
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TABIjE  VII 


DIFFERENT  STANDARDS  FOR  WIRE  GAUGES 

{Dimensions  of  Wires  in  Decimal  Parts  of  an  Inch) 


Number  of 
Wire  Gauge 

American,  or 

Brown  A 

Sharpe 

(K.  &  S.) 

Birmingham, 

or  Stubs 

(B.  \V.  G.) 

Washburn  & 

Moen  M'fg 

Co.,  Wor- 

cester,  Mass. 

Trenton  Iron 

Co.,  Trenton, 

N.J. 

G.  W.  Pren- 

tiss,  Hoi  yoke, 

Mass. 

Old  English, 

From  Brass 

Mfrs*  List 

British 
Standard 
(S.  W.  G.) 

0  be 

oooooo 

.4600 

OOOOOO 

ooooo 

.4300 

■4500 

ooooo 

OOOO 

.460000 

.454 

.3930 

.4000 

0000 

ooo 

.409640 

.425 

.3620 

.3600 

.3586 

• 

000 

oo 

.364800 

.380 

.3310 

.3300 

.3282 

00 

o 

.324860 

.340 

.3070 

.3050 

.2994 

0 

I 

.289300 

.300 

.2830 

.2850 

.2777 

I 

2 

. 257630 

.284 

.2630 

.2650 

.2591 

2 

3 

. 229420 

.259 

.2440 

.2450 

.2401 

3 

4 

.204310 

.238 

.2250 

.2250 

.2230 

.2320 

4 

5 

.181940 

.220 

.2070 

.2050 

.2047 

.2120 

5 

6 

. 162020 

.203 

.1920 

.1900 

.1885 

.1920 

6 

7 

.144280 

.180 

.1770 

.1750 

.1758 

.1760 

7 

8 

.12S490 

.165 

.1620 

.1600 

.1605 

.1600 

8 

9 

.  1 14430 

.148 

.1480 

.1450 

.1471 

.1440 

9 

IO 

.101890 

.134 

.1350 

.1300 

.1351 

.1280 

10 

II 

.090742 

.120 

.1200 

.1175 

.1205 

.1160 

II 

12 

.080808 

.109 

.1050 

.1050 

.1065 

.1040 

12 

13 

.071961 

.095 

.0920 

.0925 

.0928 

.0920 

13 

14 

.064084 

.083 

.0800 

.0800 

.0816 

.08300 

.0800 

14 

15 

.057068 

.072 

.0720 

.0700 

.0726 

.07200 

.0720 

15 

i6 

.050820 

.065 

.0630 

.0610 

.0627 

.06500 

.0640 

16 

17 

■045257 

.058 

.0540 

.0525 

.0546 

.05800 

.0560 

17 

i8 

.040303 

.049 

.0470 

.0450 

.0478 

.04900 

.0480 

18 

19 

.035890 

.042 

.0410 

.0400 

.0411 

.04000 

.0400 

19 

20 

.031961 

.035 

.0350 

.0350 

.0351 

.03500 

.0360 

20 

21 

.028462 

.032 

.0320 

.0310 

.0321 

.03150 

.0320 

21 

22 

.025347 

.028 

.0280 

.0280 

.0290 

.02950 

.0280 

22 

23 

.022571 

.025 

.0250 

.0250 

.0261 

.02700 

.0240 

23 

24 

.020100 

.022 

.0230 

.0225 

.0231 

.02500 

.0220 

24 

25 

.017900 

.020 

.0200 

.0200 

.0212 

.02300 

.0200 

25 

26 

.015940 

.018 

.0180 

.0180 

.0194 

.02050 

.0180 

26 

27 

.014195 

.016 

.0170 

.0170 

.0182 

.01875 

.0164 

27 

28 

.012641 

.014 

.0160 

.0160 

.0170 

.01650 

.0148 

28 

29 

.011257 

.013 

.0150 

.0150 

.0163 

.01550 

.0136 

29 

30 

.010025 

.012 

.0140 

.0140 

.0156 

.01375 

.0124 

30 

31 

.008928 

.010 

.0135 

.0130 

.0146 

.01225 

.0116 

31 

32 

.007950 

.009 

.oi;o 

.0120 

.0136 

.01125 

.0108 

32 

33 

.007080 

.ooS 

.0110 

.0110 

.0130 

.01025 

.0100 

33 

34 

.006305 

.007 

.0100 

.0100 

.0118 

.00950 

.0092 

34 

35 

.005615 

.005 

.0095 

.00(;5 

.0109 

.00900 

.0084 

35 

30 

.005000 

.004 

.0090 

.0)90 

.0100 

.00750 

.0076 

36 

37 

.004453 

.oc^85 

.0085 

.0095 

. 00650 

.0068 

37 

38 

.003965 

.0080 

.0080 

.0090 

.00575 

.0060 

38 

39 

.003531 

.0075 

.0075 

.0083 

.00500 

.0052 

39 

4^ 

.003145 

.0070 

.0070 

.0078 

.00450 

.0048 

40 

'4t 

.0044 

41 

42 

.0040 

42 

32 


ELECTRICAL  RESISTANCE 


§8 


as  there  are  three  different  standard  ohms,  the  British 
Association,  or  B.  A.,  ohm,  the  legal  ohm,  and  the  interna- 
tional ohm,  it  is  well  to  give  the  values  of  Matthiessen's 
standard  in  all  of  them.  Table  VIII  is  taken  from  the 
report  of  the  Standard  Wiring  Table  Committee  of  the 
American  Institute  of  Electrical  Engineers,  and  gives 
the  resistances,  at  0°  C,  not  only  of  the  mil-foot,  but  of  the 
meter-gram,  the  meter-millimeter,  and  the  cubic  centimeter. 

TABIii:  VIII 


MATTHIESSEN'S  STANDARD 


Resistance  at  o^  C. 

Dimensions  of  Standard 
Specific  Gravity  =  8.89 

B.  A.  Ohma 

Les^al  Ohms 

International 
Ohms 

Meter-gram  soft  copper 

Meter-millimeter  soft  copper. . 
Cubic  centimeter  soft  copper. . 
Mil-foot  soft  cooper 

. 14365 
.02057 

.000001616 

9.720 

.14206 
.02035 
.000001598 
9.6120 

.  14173 
.02030 
.000001594 

9.590 

The  following  values  derived  from  Matthiessen's  standard 
copper  are  frequently  useful. 

TABIiE  rX 


Temperature  75*  F.,  or  23.85  C. 

Annealed 
Copper 

Hard- 
Drawn 
Copper 

Specific  resistance  (centimeter  cube)  in  microhms 

Resistance  of  a  piece  i  inch  long  and  i  square 

inch  sectional  area  in  microhms 

1.7464 
.68759 

I   7859 
•  70313 

38.  Pure  annealed  copper  has  a  specific  gravity  of  8.89 
at  60°  F. ;  1  cubic  inch  of  it  weighs  .32  pound,  and  its  melt- 
ing point  is  about  2,100°  F.  As  first  manufactured,  copper 
wire  did  not  possess  enough  tensile  strength  to  well  adapt  it 
for  line  wire,  and  for  that  reason  and  because  of  its  greater 
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expense,  it  was  used  but  little  for  that  purpose.  The  proc- 
ess of  hard  drawing  copper  wire  has,  however,  greatly 
increased  its  tensile  strength  without  seriously  injuring  its 
conductivity. 

Tables  X  and  XI  give  the  resistances  and  weights  for  all 
sizes  of  copper  wire,  according  to  the  B.  &  S.  and  the  B.  W. 
gauges,  respectively.  These  tables  are  based  on  Matthies- 
sen's  standard. 

TEMPERATURE    COEFFICIENT 

39.  The  resistance  of  any  conducting  body  changes 
with  variations  in  the  temperature.  The  change  in  the 
resistance  of  a  substance  per  ohm  for  unit  change  of 
temperature  is  known  as  the  teini)erature  coefficient. 
Thus  a  piece  of  copper  wire  which  is  known  to  have  a 
resistance  of  10  ohms  at  a  temperature  of  32**  F.  is  found 
to  have  a  resistance  of  11  ohms  at  77°  F. 

Variations  in  resistance  due  to  variations  of  temperature 
often  become  quite  important  in  practical  work  and  it  may 
be  necessary  to  make  an  allowance  for  a  change  in  tempera- 
ture. If  R^  is  the  resistance  of  a  piece  of  wire  at  0°  C.  and 
a  is  the  temperature  coefficient  of  the  substance,  then  if  its 
temperature  is  raised  from  0°  to  /°,  its  resistance  has  increased 
an  amount  =  R^x  a  x  /ohms,  and  hence  its  resistance  at  /** 
=  Ro  +  RoX  ax  t.     Then  we  have 

R  =  R,{l  +  at)  (12) 

The  resistance  R^  at  /,°  is  similarly  =  R„  {1  -{-  a  /,).  If 
R^  is  not  known,  but  ^,,  /„  and  /,  are  known,  and  it  is 
desired  to  calculate  the  resistance  R^  at  /,°,  then  we  have 

_;e.(i+g/.) 

40.  A  sufficiently  approximate  and  more  convenient 
formula  for  most  purposes,  and  one  which  represents  the 
effect  of  a  change  of  temperature  on  the  resistance  of  a  sub- 
stance, is  as  follows :  - 

R,=  Ji,[l+a{t,-t,)l  (13) 
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TABIiB   XI 


COPPER  WIRE -BIRMINGHAM  WIRE  OAUOE 


^ 

m^ 

o5 

fli.';: 

5S 

oooo 

454 

ooo 

425 

oo 

380 

o 

340 

I 

300 

2 

284 

3 

259 

4 

238 

5 

220 

6 

203 

7 

180 

8 

163 

9 

148 

lO 

134 

II 

X20 

12 

XO9 

13 

95 

14 

83 

15 

72 

i6 

65 

17 

58 

i8 

49 

19 

42 

20 

35 

21 

32 

22 

28 

23 

25 

24 

22 

25 

20 

26 

18 

27 

16 

28 

14 

29 

13 

30 

12 

31 

10 

32 

9 

33 

8 

34 

7 

35 

5 

36 

4 

ca  li 

W  3,! 


206,116 

180,625 

144,400 

115,600 

90,000 

80,656 

67,081 

56.644 

48,400 

41.209 

32.400 

27,225 

21,904 

17.956 
14,400 
11,881 

9.025 
6,889 

5.184 
4.225 

3.364 
2,401 
1,764 
1.225 
1,024 

784 
625 

484 
400 

324 
256 
-  196 
169 
144 
100 
81 

64 
49 
25 
16 


WeiKhts 


1,000 


Feet 


624.000 

547.000 

437.000 

350.000 

272.000 

244.000 

203.000 

171.000 

146.000 

125.000 

98.000 

82.0CX> 

66.000 

54000 

44.000 

36.000 

27.300 

20.800 

15.700 

12.800 

10.200 

7.300 

5.300 

3.700 

3.100 

2.400 

1.900 

1.500 

1.200 

.980 

.770 

.590 

.510 

.440 

.300 

.250 

.ir/3 

.150 

.076 

.048 


Mile 


3,294.000 
2,887.000 
2,308.000 
1,847.000 
1,438.000 
1,289.000 
1,072.000 
905.000 
773.000 
659.000 
518.000 
435.000 
350.000 
287.000 
230  000 
190.000 
144.000 
I 10. 000 
83.000 
68.000 
54.000 
38.400 
28.200 
19.600 
16.400 
12.500 
10.000 
7.700 
6.400 
5.200 
4.100 
3.100 
2.700 
2.300 
1 .600 
1.300 
1.020 
.780 
.400 
.256 


Resistances  in  International 

Ohms,  Based  Upon  MatthiM- 

sen's  Standard  at  fA^  P. 


Ohms  per 
1,000  Feet 


.05023 

.05732 
.07170 

.08957 

.n50o 
.12840 

.15430 
.18280 
.21390 
.25130 

.31960 
.38030 

.47270 

.57660 

.71900. 

.87150 

I . 14700 

I . 50300 

1.99700 

2.45100 

3.07800 

4.31200 

5.87000 

8.45200 

10. I 1000 

13.21000 

16.57000 

21.39000 

25.88000 

31.96000 

40.45000 

52.83000 

61.27000 

71.90000 

103.50000 

127.80000 

161.80000 

211.30000 

414.20000 

647.10000 


Ohms  per 
Pound 


.00008051 

.00010480 

.00016400 

.00025600 

.00042230 

.00052580 

.00076010 

.00106600 

.00146000 

.00201400 

.00325800 

.00461500 

.00712900 

.01061000 

.01650000 

.02423000 

.04199000 

.07207000 

.12730000 

.19160000 

.30230000 

. 59330000 

1.09900000 

2.27900000 

3 . 26200000 

5 . 56500000 

8.75600000 

14.60000000 

21 .38000000 

32.58000000 

52.19000000 

89.04000000 

119.80000000 

165.00000000 

342.00000000 

521.30000000 

835. 10000000 

1,425.00000000 

5,473.00000000 

13.360.00000000 
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in  which  R^  =  resistance  at  the  lower  temperature  /, ;  R^ 
=  resistance  at  the  higher  temperature  /,;  /,  =  lower 
temperature;  /,  =  higher  temperature;  a  =  temperature 
coefficient. 

If  /,  and  /,  are  given  in  centigrade  (C.)  degrees,  then  a  is 
the  temperature  coefficient  per  degree  C. ;  and  if  /,  and  /,  are 
given  in  Fahrenheit  (F.)  degrees,  then  a  is  the  temperature 
coefficient  per  degree  F.  The  value  of  a  for  various  metals 
and  alloys,  in  both  the  centigrade  and  Fahrenheit  scales,  is 
given  in  columns  5  and  6,  respectively,  in  Tables  I  and  II. 
For  pure,  or  good  commercial,  copper,  Clark,  Ford,  and 
Taylor  give  a  =  .004295.  If  R^  is  the  given  resistance, 
then  R^  is  obtained  by  dividing  R^  by  [1  +  ^  (/,  —  /,)] ;  that  is, 

R. 


R,  = 


i  +  ^(^-0 


Example. — An  annealed  copper  conductor  has  a  resistance  of 
15  ohms  at  a  temperature  of  20  C.  What  will  be  its  resistance  (a) 
at  sec?    (^)at8'*C.? 

Solution.—  {a)  Let  -^i  =  the  resistance  at  20°,  that  is,  /?i  =  15  ohms, 
/i  =  20*,  and  /,  =  50**.  Then,  by  substituting  in  formula  13,  in  which 
a  =  .00402  for  annealed  copper  (see  column  5,  Table  I),  we  get  /?«  =  15  [1 
+  .00402(50  -  20)]  =  15  [1  +  .00402  X  30]  =  16.809  ohms.     Ans. 

{d)  In  this  case,  since  8^  is  less  than  20^  ^i  =  the  resistance  at  8% 
/,  =  8%  /^t  =  the  resistance  at  20".  that  is,  /?,  =  15  ohms,  and  /,  =  20^ 
It  becomes  necessary  to  solve  for  y?i  in  formula  13.     Hence,  we  have 

41.  As  a  matter  of  fact,  the  resistances  of  metals  do  not 
increase  quite  uniformly  from  0^  to  100°  C.  (32°  to  212°  F.). 
However,  the  average  temperature  coefficient  for  pure  cop- 
per (.00223  for  a  change  of  1°  F.)  is  usually  exact  enough 
for  a  correction  to  60°  or  75°  F.,  for  all  ranges  of  temperature 
that  occur  in  the  testing  room ;  but  for  ranges  below  50°  F., 
or  above  100°  F.,  it  is  better  to  consult  a  table.  The  resist- 
ance of  pure,  or  good  commercial,  copper  when  known  for  a 
given  temperature  may  be  reduced  to  its  resistance  at  75°  F. 
by  multiplying-  the  known  resistance  by  the  factor  given 
in  Table  XII  corresponding  to  the  given  temperature.  If 
43—10 
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the  resistance  is  known  at  75^  F.,  then  divide  this  value  by 
the  factor  corresponding  to  the  temperature  to  which  it  is 
desired  to  reduce  it. 

Example. — The  observed  resistance  of  a  copper  wire  is  12.74  ohms 
at  85"  F.     What  is  its  resistance  at  65°  F.? 

Solution. — According  to  Table  XII,   the    factor    to    reduce    its 

resistance  from  85*  F.  to  75°  F.  is  .9787;  hence  its  resistance  at  75"  F. 

=  12.74  X  .9787  =  12.47  ohms.     To  reduce  from  65*  to  75°,  the  factor 

12  47 
is  1.0222,  hence  its  resistance  at  65°  =        '        =  12.20  ohms.    Ans. 

TABIiE   XII 


TEMPERATURE    COEFFICIENTS    FOR    COPPER    WIRE 


hi  .  « 

u 

s 

0 

pera- 
ire. 

ees  P. 

u 

2 

2  *= 

Hi 

0 
0 

g-  bo 

& 

5*^  bo 

£ 

ri 

n 

85.0 

.9787 

71.5 

1.0077 

58,0 

1.0384 

44.5    « 

.0708 

84.5 

.9797 

71.0 

1.0088 

57.5 

I .0395 

44.0    1 

0730 

84.0 

.9808 

70.5 

1.0099 

57.0 

1.0407 

43-5      1 

■0733 

83. 5 

.9818 

70.0 

I. Olio 

56. 5 

I. 0419 

430      > 

•0745 

83.0 

.982Q 

69.5 

i.oiai 

56.0 

1.0430 

4».5      « 

0757 

8a. 5 

.9839 

$2° 

I. 0133 

55-5 

1.044a 

43.0      I 

.0770 

89.0 

.9850 

68.5 

X.0J44 

55.0 

1.0454 

41.5      1 

.0783 

81.5 

.9861 

68.0 

1.0155 

54.5 

1.0466 

41.0      I 

0795 

81.0 

.9871 

67.5 

1.0166 

54  0 

1 .0478 

40.5      1 

.0808 

80.5 

.9882 

67.0 

I. 0177 

53.5 

1.0490 

40.0      I 

.o8ai 

80.0 

.989a 

66.5 

I. 0188 

530 

1.0501 

39-5     « 

.o8j3 

79.5 

.9903 

66.0 

i.oaoo 

5a-5 

>o5i3 

39.0     1 

.0846 

7Q.O 

.99«4 

65-5 

i.oaii 

52.0 

»o525 

38.5      I 

.0858 

78.5 

•9924 

65.0 

i.oaaa 

51-5 

1.0537 

38.0      X 

0871 

78.0 

•9935 

64.5 

1 .0233 

51.0 

1.0549 

37.5     » 

0884 

77-5 

.9946 

64.0 

1.0245 

50.5 

I. 0561 

37-0     I 

.0897 

77 -o 

.9950 

63- 5 

1.0257 

50.0 

1-0573 

36.5     1 

0910 

76.5 

.9967 

63.0 

1.0268 

49-5 

1.0585 

36.0     1 

.0933 

76.0 

.9978 

62.5 

1.0279 

49.0 

1.0598 

35-5      1 

0935 

75- 5 

.9989 

62.0 

1.0291 

48.5 

X.0610 

35-0      >■ 

0948 

75 -o 

1.0000 

61.5 

1.0302 

48.0 

1.0622 

34-5      I 

0961 

74.5 

I.OOII 

61.0 

I. 0314 

47.5 

1.0634 

34-0      I 

0074 

74.0 

i.ooaa 

60.5 

X.0325 

47.0 

1.0646 

33-5      I- 

0987 

73-5 

1.0033 

60.0 

1-0337 

46.5 

1.0659 

33-0      X. 

1000 

73-0 

1.0044 

59.5 

1.0349 

46.0 

1.0671 

3a-S      I. 

loao 

7a-5 

I.OOS5 

59.0 

1.0360 

45-5 

1.0683 

3a. 0     1 

72.0 

Z.0066 

58.5 

1.0372 

45-0 

i.o6q5 

31.5     ». 

X039 

Note.— This  table,  which  is  given  by  Kempe  in  his  "  Handbook  of  Electrical 
Testinjf,"  is  calculated  from  the  exact  formula  A*<  =  A',,  [i  -\-  .0023708  (/  —  32*) 
-I-  .00000034548  (/  —  J2")'],  for  pure,  or  good  commercial,  copper,  as  determined  by 
Clark,  Ford,  and  Taylor,  in  which  /  is  expressed  in  Fahrenheit  degrees. 

The  following  table  of  centigrade  and  Fahrenheit  degrees 
is  given  to  facilitate  the  rapid  conversion  from  one  scale  to 
the  other. 
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TABL.E   OF   C£XTIGRA1>£   ANI>   FAHRENHEIT   DEGREES 


Deg. 

Deg. 

Deg. 

Deg. 

Deg. 

Deg. 

Deg. 

Deg. 

C. 

F. 

C. 

F. 

C. 

F. 

C. 

F. 

o 

32.0 

26 

78.8 

51 

123.8 

76 

168.8 

I 

33-8 

27 

80.6 

52 

125.6 

77 

170.6 

2 

35-6 

28 

82.4 

53 

127.4 

78 

172.4 

3 

37-4 

29 

84.2 

54 

129.2 

79 

174.2 

4 

39-2 

30 

86.0 

55 

131. 0 

80 

176.0 

5 

41.0 

31 

87.8 

'56 

132.8 

81 

177.8 

6 

42.8 

32 

89.6 

57 

1346 

82 

179.6 

7 

44.6 

33 

91.4 

58 

136.4 

83 

181. 4 

8 

46.4 

34 

93-2 

59 

138-2 

84 

183.2 

9 

48.2 

35 

950 

60 

140.0 

85 

185.0 

lO 

50.0 

36 

96.8 

61 

141. 8 

86 

186.8 

II 

518 

37 

98.6 

62 

1436 

87 

188.6 

12 

53-6 

38 

100.4 

63 

145-4 

88 

190.4 

13 

55-4 

39 

102.2 

64 

147.2 

89 

192.2 

14 

57.2 

40 

104.0 

65 

149.0 

90 

194.0 

15 

590 

41 

105.8 

66 

150-8 

91 

195.8 

16 

60.8 

42 

107.6 

67 

152.6 

92 

197.6 

17 

62.6 

43 

109.4 

68 

154.4 

93 

199.4 

18 

64.4 

44 

III. 2 

69 

156.2 

94 

201 .2 

19 

66.2 

45 

113.0 

70 

158.0 

95 

203.0 

20 

68.0 

46 

114.8 

71 

159.8 

96 

204.8 

21 

69.8 

47 

116. 6 

72 

161 .6 

97 

206.6 

22 

71.6 

48 

118.4 

73 

163.4 

98 

208.4 

23 

73-4 

49 

120.2 

74 

165.2 

99 

210.2 

24 

75-2 

50 

122.0 

75 

167  .0 

100 

212.0 

25 

77.0 

m 

42.  As  already  stated,  the  resistances  of  metals  do  not 
increase  quite  uniformly  from  0°  to  100°  C.  (32°  to  212°  F.), 
but  for  most  practical  purposes  formula  13  is  sufficiently 
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exact.  For  scientific  work,  however,  it  is  usually  necessary 
to  employ  the  following  more  accurate  formula : 

R  =  RA\-^at-^bf),  (14) 

in  which  R  =  resistance  at  t"^  centigrade,  R„  =  resistance 
at  0°  centigrade,  and  /  =  temperature  in  centigrade  degrees. 
For  Matthiessen's  pure  coppers  =  . 004019  and  *=  .00000214 
when  the  temperature  range  is  between  0°  and  100°  C,  and 
a  =  .003879  and  b  =  .00000526  when  the  temperature  range 
is  between  0°  and  30°  C.  If  the  resistance  R^  at  0°  C.  is  not 
known  or  required,  but  R^  is  given  and  it  is  desired  to  calcu- 
late y?„  then  ^  R^(i^at^^bt:) 

•~     (l+a/,  +  *0  ' 

in  which  R^  and  /?,  are  the  resistances  of  the  same  piece  of 
pure  copper  at  the  temperatures  /,  and  /,,  respectively. 


EXAMPLES   FOR  PRACTICE 

1.  Find  the  resistance  in  microhms  at  75°  F.  of  an  inch  cube  of  pure 
annealed  silver.  Ans.  .6382  microhm 

2.  Find  the  resistance  in  ohms  at  TS"*  F.  of  1  mile  of  square  iron  wire 
(E.  B.  B.  quality)  measuring  .  1  inch  on  each  side.     Ans.  27.0337  ohms 

3.  If  a  mile  of  a  certain  copper  wire  has  a  resistance  of  13.6  ohms 
at  59.9'*  F.  and  its  temperature  coefficient  is  .00223,  what  will  be  its 
resistance  at  75°  F.  ?  Ans.  14.0579  ohms 

4.  If  a  mile  of  a  certain  copper  wire  having  a  diameter  of  -f^  inch 
has  a  resistance  of  14.06  ohms  at  75°  F.,  what  will  be  the  resistance 
between  opposite  faces  of  a  cube  measuring  1  inch  on  each  side,  that  is, 
the  resistance  per  inch  cube  ?  Ans.  .6808  microhm 


ELECTROSTATIC  CAPACITY 

43.  The  electrostatic  capacity  of  a  conductor  is  meas- 
ured by  the  quantity  of  electricity  with  which  it  must  be 
charged  in  order  to  raise  its  electric  potential  from  zero  to 
unity.  To  make  the  meaning  clearer,  let  us  consider  the 
capacity  of  a  rubber  bag  when  it  is  filled  with  water  or  gas. 
Its  cubical  contents  is  not  limited  to  one  definite  quantity; 
on  the  contrary,  it  can  vary  between  wide  limits,  depending 
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on  the  pressure  to  which  the  water  or  gas  is  subjected.  By 
pumping  more  gas  into  the  bag,  under  an  increasing  pres- 
sure, the  capacity  of  the  bag  will  increase  and  also  the  pres- 
sure of  the  gas  contained  in  it. 

A  charge  of  electricity  will  act  in  a  similar  manner.  The 
number  of  coulombs  of  electricity  residing  on  the  surface  of 
a  conductor  must  not  be  considered  as  a  fixed  quantity, 
depending  on  the  extent  of  its  surface.  It  is,  as  seen  in  the 
case  of  the  rubber  bag,  also  dependent  on  the  pressure ;  the 
higher  the  latter,  the  more  compressed  or  dense  the  charge 
may  be  said  to  be.  The  smaller  the  above-mentioned  bag  is, 
the  less  quantity  of  gas  will  be  required  to  raise  the  pres- 
sure; similarly  with  an  electric  conductor,  the  pressure  will 
increase  more  rapidly  if  its  capacity  is  small.  A  small  con- 
ductor, such  as  an  insulated  sphere  of  the  size  of  a  pea,  will 
not  want  so  much  as  1  unit  of  electricity  to  raise  its  potential 
from  0  to  1,  and  is  therefore  of  small  capacity;  while  a  large 
sphere  will  require  a  large  quantity  to  raise  its  potential  to  the 
same  degree,  and  could  therefore  be  said  to  be  of  large  capac- 
ity. It  is,  then,  necessary  to  know  both  the  capacity  of  a  con- 
ductor  and  the  potential  of  the  charge  before  any  idea  can  be 
had  of  the  quantity  of  electricity  collected  on  the  conductor. 


rP  ^A 


44.  A  condensep  is  an  appliance  for  storing  up  or  hold- 
ing electrostatic  charges.  It  is  usually  made  by  taking  a 
large  number  of   sheets  of  tin  foil  •*  y 

and  separating  them  by  alternate 
sheets  of  waxed  paper,  mica,  'or 
other  insulating  material.  The 
whole  mass  is  pressed  tightly  to- 
gether, one  set  of  sheets  constitu- 
ting one  terminal,  and  the  alternate 
set  the  other,  as  shown  in  Fig.  10, 
where  /  represents  the  tin-foil 
sheets,  i  the  insulating  material  between,  and  7",  T  the  ter- 
minal posts.  It  should  be  noticed  that  there  is  no  electrical 
connection  between  the  two  sets  of  plates  connected  to  the 
two  terminals  7",  T. 


PIG.  10 
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PROPERTIES   OF    DIEIiBCTBICS 


INI>UCTI  V  IT Y  OF  DIELECTRICS 

45.  If  an  uncharged  metallic  plate  is  covered  with  a 
sheet  of  mica  and  a  charged  metallic  plate  is  set  down  on  the 
mica,  the  upper  plate  will  induce  a  charge  in  the  lower  plate 
that  will  be  about  6  times  greater  than  would  be  the  case  if 
the  mica  were  replaced  by  dry  air,  the  distance  between  the 
metal  plates  remaining  exactly  the  same;  hence,  the  mica 
has  an  inductive  capacity  6  times  greater  than  that  of  dry 
air.  This  quantity  is  known  as  the  Inductlvity  of  the 
dielectric.  It  may  be  defined  as  the  ratio  of  the  capacity 
of  a  condenser  when  its  plates  are  separated  by  that  sub- 
stance to  the  capacity  of  the  same  condenser  when  its  plates 
are  separated  by  the  same  thickness  of  air.  Dry  air  at 
atmospheric  pressure  is  considered  the  standard  substance 
and  its  inductivity  is  taken  as  1 ;  hence,  the  inductivity  of 
mica  is  6. 

The  inductivity  of  a  dielectric  may  be  determined  by 
ascertaining  the  thickness  of  a  layer  of  the  dielectric  having 
the  same  inductive  capacity  as  a  given  thickness  of  dry  air; 
the  thicker  the  layer,  the  higher  is  its  inductivity.  Thus, 
it  is  found  that  a  thickness  of  resin  of  about  2.55  units  has 
the  same  inductive  capacity  as  1  unit  thickness  of  air; 
hence,  resin  is  the  better  dielectric,  and,  air  being  taken  as 
unity,  has  an  inductivity  o^  2.55.  Hence,  if  resin  is  inter- 
posed between  two  metal  plates,  they  must  be  separated 
about  21  times  the  distance  that  would  be  necessary  to 
obtain  the  same  capacity  with  air. 

46.  The  capacity  of  a  condenser  varies  somewhat  accord- 
ing to  the  method  used  in  determining  its  capacity.  On 
account  of  the  so-called  absorptive  power  of  dielectrics,  which 
will  be  explained  later,  a  smaller  capacity  is  obtained  for  a 
given  condenser  when  it  is  measured  by  methods  in  which 
the  condenser  is  charged  and  discharged  a  great  number  of 
times  per  second,  than  by  methods  in  which  the  capacity  is 
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determined  from  one  comparatively  slow  charge  or  dis- 
charge. Consequently,  the  values  of  the  inductivity  of 
dielectrics,  as  determined  by  different  methods  and  by  differ- 
ent authorities,  varies  greatly.  Table  XIV  gives  the  induc- 
tivities  of  various  substances,  the  inductivity  of  dry  air  at 
ordinary  pressure  being  taken  as  unity.  The  values  obtained 
by  the  so-called  instantaneous  methods  are  almost  invariably 
lower  than  the  values  obtained  by  the  slower  charge  and 
discharge  methods. 


DIELECTRIC  STRENGTH 

47.  A  property  of  insulating  substances  that  is  just  as 
important  as  their  specific  resistance  and  inductivity  is 
their  dielectric  strengrtH.  This  property  is  the  maximum 
difference  of  potential  that  an  insulating  substance  can 
stand  without  being  punctured.  An  insulating  material 
may  show  a  very  high  resistance  when  measured  with  a  low 
voltage  and  a  very  sensitive  galvanometer,  while  it  may 
offer  comparatively  little  resistance  to  the  passage  of  a  cur- 
rent when  a  very  high  voltage  is  used;  whereas  another 
material,  which  will  not  show  so  high  a  resistance  with 
a  low  voltage,  may  better  withstand  disruption  l)y  a  high 
voltage. 

48.  The  dielectric  strength  of  a  substance  is  determined 
by  placing  it  between  two  metal  electrodes  and  increasing 
the  difference  of  potential  between  the  two  electrodes  by 
small  steps  until  a  spark  passes  through  the  dielectric.  The 
dielectric  is  then  said  to  be  ruptured,  or  punctured,  and  the 
difference  of  potential  between  the  electrodes  at  the  step 
just  preceding  the  rupture  is  the  maximum  strength  of  the 
dielectric  in  volts.  If  the  maximum  voltage  so  obtained  is 
divided  by  the  thickness  of  the  substance  in  centimeters,  we 
obtain  the  strength  of  the  dielectric  in  volts  per  centimeter, 
which  is  a  convenient  unit  for  comparing  the  dielectric 
strength  of  various  insulating  materials.  For  such  deter- 
minations very  high  voltages  are  required,  too  high  to  be 
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TABLE   XIV 


Material 


Air,  vacuum  at  about  .001  millimeter 
pressure 

Air,  vacuum  at  about  5  millimeters  pres- 
sure   

Hydrogen,  at  ordinary  pressure 

Air,  at  ordinary  pressure,  standard.. . . . . 

Carbon  dioxide,  at  ordinary  pressure. . . . 

Olefiant  gas,  at  ordinary  pressure 

Methane 

Sulphur  dioxide,  at  ordinary  pressure. . . . 

Manila  paper 

C^arbon  bisulphide 

Paraffin,  clear 

Beeswax 

Paraffin,  solid 

Resin 

Ozocerite 

Petroleum 

Ebonite 

Turpentine 

India  rubber,  pure 

Sulphur . . .  > 

Gutta  percha 

Shellac . . 

Olive  and  neatsfoot  oils 

Sperm  oil 

Glass 

Mica 

Porcelain 

Quartz 

Flint  glass,  very  light   

Flint  glass,  light 

Flint  glass,  very  dense 

Flint  glass,  double  extra  dense 


Induct!  vity 
K 


.9400 

.9990 
.9997  to  1.00026 

1. 0000 
1.00036  to  1.00095 

1.0007 

1.0009 

1.0037 

1.60  to  1. 81 
1.68  to  2.32 

1.86 

1.9936*  to  2.32 

1.77  to  2.55 

2.00 
2.03  to  2.42 
2.05*  to  3.15 
2.15  to  2.43 

2.22  to  2.497 

2.24  to  3.84 
2.46*  to  4.20 
2.74*  to  3.60 
3.00  to  3. 16 
3.02  to  3.09 
3.013*  to  3.258* 
4.00  to  8 

4.38 
4.50 
6.57 
6.85 

7.40 
10. 10 


*  Results  obtained  by  instantaneous  methods. 
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measured  by  ordinary  electrical  instruments;  however,  it 
has  been  experimentally  determined  how  many  volts  are 
required  to  produce  a  spark  between  needle  points  and 
between  small  spherical  electrodes  separated  by  air  gaps  of 
various  lengths. 

49.  Dielectric  Strengrth  of  Air. — At  least  from  300  to 
400  volts  is  required  to  produce  a  spark  across  an  air  gap,  no 
matter  how  short  the  gap  is.  Furthermore,  the  length  of 
spark  that  can  be  produced  through  air  depends  on  the 
pressure  and  temperature  of  the  air,  on  the  shape  of  the 
electrodes  between  which  the  spark  is  produced,  and  on 
whether  a  direct  or  alternating  electromotive  force  is  used. 
The  dielectric  strength,  according  to  Thompson,  increases 
**  1  per  cent,  for  a  fall  of  3  degrees  of  temperature  or  for  a 
rise  of  8  millimeters  of  pressure."  Since  1  atmosphere  will 
sustain  a  column  of  mercurcy  7G0  millimeters  high,  then  a 
pressure  of  8  millimeters  is  equivalent  to  Tf^-y  =  -^-^  of  an 
atmosphere.  If  the  difference  of  potential  is  nearly  great 
enough  to  produce  a  spark,  then  a  sudden  reversal  of  the 
electromotive  force  will  sometimes  start  a  spark.  The 
sparking  distance  is  less  with  a  very  rapidly  alternating 
electromotive  force  than  with  a  steady,  non-alternating 
electromotive  force  of  the  same  potential.  It  requires  a 
greater  difference  of  potential  to  produce  a  spark  in  air 
between  spheres  or  parallel  disks  than  between  needle 
points.  To  repeatedly  obtain  the  same  results,  it  is  neces- 
sary to  use  each  time  new  needle  points  or  amalgamated, 
or  newly  polished,  balls  and  disks. 

The  dielectric  strength  of  a  good  vacuum  and  of  very 
highly  compressed  air  is  very  great.  Such  good  vacuums 
have  been  produced  as  to  render  it  impossible,  with  the 
electrostatic  machines  or  induction  coils  heretofore  used,  to 
produce  a  spark  across  a  vacuum  even  as  short  as  1  centi- 
meter. Furthermore,  the  powerful  induction  coils  hereto- 
fore used  for  such  experiments  have  been  unable  to  produce 
a  spark  across  .05  centimeter  of  air  when  compressed  to  40 
or  50  atmospheres. 
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50«  Table  XV  gives  the  difference  of  potential  in  volts 
necessary  to, produce  a  spark  in  air  at  ordinary  atmospheric 
pressure  between  polished  brass  balls.  The  first  two  col- 
umns give  the  length  in  centimeters  and  inches,  respectively, 
across  which  the  volts  in  columns  3,  4,  and  6  will  produce  a 
spark.  The  diameter  of  the  balls  used  in  each  case  is  given 
at  the  head  of  the  column. 

TABIiE   XV 


NUMBER  OF  VOI^TS  REQUIREI>  TO  PRODUCE  A  SPARK 

BETAVEEN  BALLS  IN  AIR 


Length  of 

"  Spark  (Jap  in 

Diameter  of  the  Balls 

I  Cm. 

2  Cm. 

6  Cm. 

Centi- 
meters 

Inches 

-  .3937  In. 

=  .787  In. 

=  2.36  In. 

• 

Volts 

Volts 

• 

Volts 

I                  a 

3 

4 

5 

.02 

.0079 

1,560 

1,530 

.04            .0157 

2,460 

2,430 

.06            .0236 

3,300 

3,240 

.08            .0315 

4,050 

3,990 

.10      ,      .0394 

4,800 

4,800 

4,500 

.20            .0787 

8,400 

8,400 

7,800 

.30            .1181 

11,400 

11,400 

10,800 

•40            .1575 

14,400 

14,400 

13,500 

.50      1      .1969 

17,100 

17,100 

16,500 

.60     !     .2362 

19,-500 

19,800 

19,500 

.70 

.2756 

21,600 

22,500 

22,500 

.80 

•3150 

23,400 

24,900 

26,100 

•90             -3543 

24,600 

27,300 

29,000 

1. 00 

•3937 

25,500 

29,100 

32,700 

The    dielectric    strenjj^th    of    air    between    the    points    of 
needles  2  J  inches  long,  when  an  electromotive  force  that  is 
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reversed  in  direction  15,000  times  a  minute  is  used,  is  well 
shown  by  the  curve  in  Fig.  11.     In  order  to  avoid  the  use  of 


w 

/ 

I 

sm 

-^ 

Mm 

mm 

J 

T 

1 

/ 

/ 

/ 

r 

1! 

J 

r 

4 

/ 

1 

/ 

^ 

/ 

« * 

./ 

T 

1* 

/ 

7 

^^ 

/ 

^ 

7^ 

^ 

^ 

t 

•■  k 

•       1 

m    4 

•    « 

•  * 

«      f 

•  « 

m    f 

•   11 

»   I] 

m  Mi 

»  u 

m  i* 

m  ii 

i# 

MUlovolU  acro99  Sj^th  Gap 

FIG.  11 

large  numbers,  the  divisions  along  the  base  line  are  marked 
kilovolts;  50  kilovolts,  for  instance,  is  equal  to  50,000  volts. 

51.  Spark  Gauge. — A  spark  gap  in  air,  when  especially 
constructed  so  that  the  distance  between  the  sparking  points 
can  be  very  accurately  determined,  is  called  a  spark  gauge. 
Two  pairs  of  electrodes  are  arranged  in  a  parallel  circuit  and 
connected  across  a  source  capable  of  producing  a  very  high 
difference  of  potential.  One  pair  of  electrodes  forms  the 
spark  gauge  and  the  space  between  the  tw5  electrodes  of 
the  other  pair  is  filled  with  the  insulating  material  to  be 
tested.  At  first  a  spark  is  produced  across  a  small  air  gap, 
then  the  length  of  the  air  gap  is  gradually  increased  until 
the  voltage   across  the   spark   gap    exceeds   the   dielectric 
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Strength  of  the  insulating  substance ;  the  spark  will  then  pass 
through  the  latter  and  rupture  it  instead  of  jumping  across 
the  air  gap.  As  the  voltage-  is  increased,  the  insulating 
materia]  is  subjected  to  a  continually  increasing  electric 
stress  until  it  finally  gives  away  and  allows  a  flow  of  elec- 
tricity in  the  form  of  a  spark  to  pass  through  it.  After  once 
being  punctured,  the  insulating  quality  of  a  solid  material 
is  practically  destroyed  because  the  material  surrounding 
the  puncture  is  carbonized  and  is  therefore  a  fair  conductor. 
Insulating  liquids,  such  as  an  oil,  are,  however,  nearly  as 
good  after  being  punctured  as  before,  because  the  oil  imme- 
diately fills  up  the  hole  produced  by  the  spark. 


TABIiE   XVI 


DIKLiECrrRIC    STRENGTH    OF  VARIOTTS   SUBSTANCES 


Substance 

Strcnjfth 
in  Volts 

per 
Centi- 
meter 

Substance 

Strenfi:th 

in  Volts 

per 

Centi- 

meter 

Oil  of  turpentine 

94,000 
87,000 
82,000 
56,000 
50,000 
130,000 

Beeswaxed  paper 

540,000 
23,800 
22,700 
22,200 

Paraffin  oil 

Air  (thickness  5  cm.) 

COi  (thickness  5  cm.) 

Oxygen  (thickness  5  cm.)-- 
Hydrogen  (thickness  5  cm.) 
Coal  gas  (thickness  5  cm.). 

Olive  oil 

Paraffin  (melted) 

Kerosene  oil 

1^.100 

Paraffin  (solid) 

22,300 

52.  It  may  be  assumed  for  some  substances  that  are 
very  homogeneous  that  the  dielectric  strength  is  directly 
proportional  to  the  thickness  of  the  material.  That  is,  a 
piece  1  centimeter  thick  will  stand  twice  the  voltage  of  a 
piece  of  the  same  material  |  centimeter  thick.  While  this 
is  approximately  true  for  some  substances,  other  substances 
do  not  seem  to  follow  this  law,  probably  owing  to  the  fact 
that  the  thicker  the  piece,  the  less  homogeneous  it  becomes. 
There  appears  to  be  little  uniformity  in  the  results  so  far 
published  of  the  dielectric  strength  of  insulating  materials. 
This  is  probably  due  to  a  lack  of  uniformity  in  the  methods 
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of  testing,  such  as  whether  a  direct  or  alternating  current 
was  used,  and  the  frequency  of  the  latter,  also  the  length  of 
time  during  which  the  maximum  voltage  was  applied.  The 
resistance  of  insulating  materials,  after  they  have  been 
heated  enough  to  expel  all  moisture,  decreases  very  rapidly 
as  the  temperature  increases. 

Table  XVI  contains  the  results  obtained  by  Macfarlane 
and  Pierce. 

In  Table  XVII  are  given  the  results  published  by  Parshall 
and  Hobart  in  **  Electric  Generators." 

TABIiE    XVII 


Substance 


Composite  sheets  of  mica  and 
paper  prepared  so  as  to  be 
moisture-proof 


Leatheroid 


Vulcanized  fiber 

Hard  rubber 

Kiln-dried    maple   and    other 

similar  woods 

Vulcabeston 

Red  pressboard 

Red  rope  paper 

Manila  paper 

Oiled  cambric 

Oiled  cotton 

Oiled  pa|5er 


Thickness 
in  Inches 


.005 
.007 
.009 
.Oil 

^  or  .0156 

A  or  0313 
A  or  .0469 

1^  or  .0625 

i  or  .1250 

^y  or  .188 

i  or  .250 

I  or  .125  to  I 


ior  .5 
.030 
.010 
.003 
.007 
.003 
i  .fx)4 
/  .010 


Puncturing 
Voltage 


3,600  to  5,860 

7,800  to  10,800 

8,800  to  11,400 

11,600  to  14,600 

5,000 

8,000 

12,000 

15.000 

15.000 

6,000 

6,000 

about  10,000 


10,000  to  20,000 
10,000 
10,000 
1,000 
400 
2,500  to  4,500 
6,300  to  7,000 
^  3,40fj  to4,8rx) 
'  5.o<x) 


Volts  per 
t^Inch 


320 
256 
256 
240 
X20 

32 
24 

500 
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BLECTIUCAX    CONDENSERS 

COXDRNSKR  COABGE 

53.  If  a  battery  be  connected  to  the  terminals  of  a  con- 
denser, as  shown  in  Fig.  13,  a  current  will  flow  into  it  and 

the  plates  will  become  charged.  The 
J  flow  of  current  will  be  a  masimum 
the  instant  the  electromotive  force  is 
applied,  but  will  rapidly  fall  ofl,  so 
that  in  a  small  fraction  of  a  second 
the  current  will  practically  have 
ceased  flowing  and  the  condenser 
will  be  charged.  This  will  be  the 
state  of  affairs  so  long  as  the  con- 
"■  "  denser  remains  connected  to  the  bat- 

tery; i.  e.,  except  for  the  instant  when  the  battery  is  first 
connected,  no  current  will  flow,  and  the  circuit  will  act 
simply  as  if  it  were  broken.  The  condenser  acts  as  if  it 
acquired  a  counter  electromotive  force  as  it  becomes  charged, 
thus  tending  to  keep  the  current  out.  This  counter  electro- 
motive force  increases  as  the  condenser  is  charged,  until  it 
becomes  equal  and  opposite  to  that  of  the  battery.  If  the 
battery  be  disconnected  and  the  terminals  of  the  condenser 
connected  together,  the  charge  will  flow  out  and  will  result  in 
a  current  of  short  duration.  This  current  will  be  a  maxi- 
mum when  the  terminals  are  first  connected  together,  but  it 
soon  falls  to  zero. 

UNITS  OF  CAPACITY 

54.  If  the  charge  of  a  condenser  in  coulombs  is  Q,  its 
capacity  in  farads  C,  and  the  difference  of  potential  between 
the  two  plates  E,  then 

Q=C£  (Ifl) 

From  formula  15,  it  follows  that 

.2 


^■=2 


and 
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If  Q  and  E  are  expressed  in  C.  G.  S.  electromagnetic 
units,  then  C  will  be  in  C.  G.  S.  electromagnetic  units.  The 
C.  G.  S.  electromagnetic  unit  of  capacity  is  not  used  in  prac- 
tical work.  If  Q  and  E  are  expressed  in  practical  units, 
that  is  in  coulombs  and  volts,  respectively,  then  C  will  be  in 
practical  units,  called  farads.  Hence,  the  farad  is  the  prac- 
tical unit  of  electrostatic  capacity.     The  farad  is  equivalent 

to  —J  (or  lO"')  C.  G.  S.  electromagnetic  units  of  capacity. 

The  farad  is  equivalent  to  9.01  X  10"  electrostatic  units  of 
capacity.  It  is  beyond  the  scope  of  this  Course  to  derive 
formulas  15,  17,  or  18,  or  to  prove  the  relation  between 
electrostatic  and  electromagnetic  units.  We  will  state, 
however,  that  the  ratio  between  the  various  C.  G.  S.  elec- 
trostatic and  C.  G.  S.  electromagnetic  units  is  equal  to  the 
velocity,  or  same  power  of  that  velocity,  of  light  through 
air;  that  is,  to  some  power  of  3  X  10". 

If  a  condenser  be  of  such  dimensions  that  a  current  of 
1  ampere  flowing  into  it  for  1  second  (that  is  1  coulomb) 
causes  the  pressure  across  its  terminals  to  rise  1  volt,  its 
capacity  is  said  to  be  1  farad. 

The  flow  of  current  into  a  condenser  will  always  continue 
until  the  counter  electromotive  force  of  the  condenser  is 
equal  and  opposite  to  the  electromotive  force  of  the  battery 
or  generator  to  which  the  condenser  is  attached.  A  con- 
denser sufficiently  large  to  hold  the  quantity  of  electricity 
represented  by  1  coulomb  (1  ampere  for  1  second),  with  a  rise 
of  potential  of  1  volt,  would  have  to  be  of  enormous  dimen- 
sions. The  farad  is,  therefore,  too  large  a  unit  for  conve- 
nient use,  and  instead  of  it  the  microfarad  is  generally  used. 

65.  One  microfarad  is  equal  to  -nnrJinro"  farad.  Hence, 
it  is  necessary  to  divide  the  capacity  as  expressed  in  micro- 
farads by  1,000,000  in  order  to  express  the  same  capacity  in 
farads.  It  must  be  remembered  that  the  microfarad  is  used 
only  for  convenience,  and  that  in  working  out  problems^ 
capacities  must  generally  be  expressed  in  farads  before  sub- 
stituting  in   formulas,  because   t,he   farad   is  chosea  with 
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respect  to  the  volt  and  ampere,  and  hence  roust  be  used  in 
formulas  along  with  these  units.  For  example,  a  capacity  of 
10  microfarads  as  given  in  a  problem  would  be  substituted  in 

formulas  as  .00001  farad.     A  microfarad  =  -^^r:  C.  G.  S. 

10 

electromagnetic  units  of  capacity. 

56.  From  formula  15,  we  see  that  the  charge  Q  may  be 
increased  by  increasing  either  the  capacity  C  or  the  electro- 
motive force  £,  or  both.  When  condensers  are  used  with 
static  electrical  machines,  the  potential  is  usually  very  high; 
while  for  galvanic  batteries  and  other  sources  of  current 
having  low  potential  the  capacity  C  must  be  increased  in 
order  to  get  a  large  charge  Q. 

We  have  seen  in  a  previous  section  that  two  static 
charges  Q  and  Q\  when  placed  at  a  distance  ^  apart  in  air, 

Q  Q 
act  upon  each  other  with  a  force  F  =     Ji  .     If  the  charges 

are  placed  in  a  dielectric  whose  inductivity  is  K  (instead 
of  in  air  whose  inductivity  is  1),  then 

F  =  :^^  (16) 

If,  in  this  formula,  F  is  expressed  in  dynes  and  d  in  centi- 
meters, then  Q  and  Q^  must  be  expressed  in  C.  G.  S.  elec- 
trostatic units  of  quantity.  This  is  not  the  same  as  coulombs ; 
3  X  10*  of  these  units  is  equal  to  1  coulomb. 


CAPACITY  OF  CONDENSERS 

57.     The  capacity  of  a  condenser  in  electrostatic  units 
is  given  by  the  formula 

in  which  A!' is  the  inductivity  of  the  dielectric  between  the  tin- 
foil or  metal  plates;  a^  the  area  in  square  centimeters  of  all 
the  dielectric  (insulating)  sheets  actually  between  and  sep- 
arating the  condenser  plates;  and  d  is  the  average  thickness 
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in  centimeters  of  the  dielectric  sheets  between  the  metal 

plates.     The  electrostatic  C.  G.  S.  unit  of  capacity,  in  which 

C  is  given  by  this  formula,  has  no  name  and  is  not  used. 

The  capacity  C  of  a  condenser  in  microfarads  is  given 

by  the  formula 

^  __  885  Ka  .^  ^. 

in  which  K  is  the  inductivity  of  the  dielectric  between  the 
tin-foil  or  metal  plates;  a^  the  area  in  square  centimeters 
of  all  the  leaves  or  sheets  of  dielectric  actually  between  and 
separating  the  condenser  plates;  and  d,  the  thickness  in 
centimeters  of  the  dielectric  leaves.  When  a  and  d  are  in 
square  inches  and  inches,  respectively,  the  formula  becomes 

C  (microfarads)  =     \Q^oJ^  (19) 

As  is  evident  from  the  formula,  the  electrostatic  capacity 
of  a  conductor,  or  system  of  conductors,  is  entirely  inde- 
pendent of  the  quantity  Q  of  electricity  on  them  and  of  the 
difference  of  potential  £  between  the  two  conductors  sepa- 
rated by  the  dielectric.  The  capacity  depends  only  on  the 
quantities  AT,  a,  and  d. 

Example  1. — A  condenser  is  bjiilt  up  of  two  sheets  of  paraffined 
paper,  the  two  measuring  .006  inch  thick,  between  sheets  of  tin  foil 
measuring  8  X  B  inches.  Find  the  total  number  of  sheets  of  paper 
required  to  give  a  capacity  of  1  microfarad.  The  inductivity  of  the 
paraffined  paper  may  be  taken  as  1.8. 

Solution. — Solving  formula  19  for  the  total  area  of  the  dielectric 

10'*  ^C 
between  the  tin  foil,  we  get  a  =  o  o>iq  l^    Substituting  in  this,  we 

AAA     v    1010    V    1 

get  a  =      oo?Q  w  1  Q      =  14,828  sq.  in.     Now.  each  sheet  is  8  X  8 

=  64  sq.  in. ;  hence,  there  must  be  ^^—  separating  leaves  consisting 

14  828  V  2 
of  two  sheets  each,  or  — '—^ =  464  sheets  of  paper,  each  somewhat 

larger  than  8  X  8  in.    Ans. 

Example  2. — A  condenser  is  built  up  of  leaves  of  mica,  each  .1  milli- 
meter thick,  between  sheets  of  tin  foil  7  X  10  centimeters.  If  there 
are  269  mica  leaves,  what  is  the  capacity  of  the  condenser  in  micro- 
farads and  in  farads  ?    (The  inductivity  of  mica  may  be  taken  as  6.) 

43—11 
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Solution. — The  formula,  C ^=  ^,^^  ,  ,  gives  the  capacity  in  micro- 
farads when  a  and  d  are  in  square  centimeters  and  centimeters, 
respectively.    .1  mm.  =  .01  cm.   By  substituting  in  the  above  formula, 

,  ^      885  X  6  X  269  X  7  X  10        -wwvo«o     -      t      a  *•     n 

we  get  C  = ^iftio K\ —  —  =  .9W878  microfarad,  or  practically 

1  microfarad,  or  .000001  farad.    Ans. 

68.  Condensers  in  Parallel. — Condensers  may  be  con- 
nected in  parallel,  as  shown  in  Fig.  13,  or  in  series,  as  in 

^  Fig.  14.  If  two  capacities  are  connected  in 
parallel,  the  capacity  of  the  two  combined 
is  equal  to  the  sum  of  the  two  capacities. 
If  C^  and  C,  are  the  capacities  of  the  two 
condensers  shown  in  Fig.  13,  the  combined 
capacity  C  is  equal  to  C,  +  C,.  The  same 
holds  true  for  any  number  of  capacities  con- 
nected in  parallel.  Hence,  if  a  number  of 
capacities  are  connected  in  parallel,  the  combined  capacity 
is  equal  to  the  sum  of  all  the  capacities. 


ci 


Pig.  18 


Pig.  14 

69.  Condensers  In  Series. — If  two  capacities  are  con- 
nected in  series,  the  reciprocal  of  the  combined  capacity  is 
equal  to  the  sum  of  the  reciprocals  of  the  two  capacities.  If 
C,  and  C,  are  the  capacities  of  the  two  condensers  shown  in 
Fig.  14,  the  combined  capacity  is  obtained  from  the  expression 

1  =  1+1. 


or. 


C  = 


C^  c. 


(20) 


This  principle  may  be  applied  to  any  number  of  condensers 
connected  in  series;  hence,  we  have  the  following  formula 
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for  calculating  the  combined  capacity  of  a  number  of  con- 
densers connected  in  series : 


or, 


C  = 


J__l,    1,1,1,     , 
C  ~  C,'^  C,^  C,'^  ^^-l-  etc. ; 

1 


(21) 


It  is  not  convenient,  as  a  rule,  to  further  reduce  the  last 
formula  for  calculating  the  combined  capacity  when  four  or 
more  condensers  are  connected  in  series. 

By  comparing  the  above  with  the  laws  governing  the  resist- 
ance of  conductors,  it  will  be  seen  that  when  combined  in  series 
and  parallel  condensers  act  just  the  opposite  to  resistances. 

Example. — What  would  be  the  total  capacity,  if  three  condensers 
'of  2,  3,  and  4  microfarads  capacity  were  connected  (a)  in  series  and 
(d)  in  parallel  ? 

Solution. — {a)  According  to  formula  21,  the  capacity  in  series  is 
equal  to  the  reciprocal  of  the  sum  of  their  reciprocals.  The  sum  of  the 
reciprocals  of  the  separate  capacities  =  i  H-  J  H-  i  =  H*  ^^^  ^^^  recip- 
rocal of  this  sum  =  |f  =  .97  microfarad.    Ans. 

(d)  The  capacity  of  all  three  in  parallel  is  equal  to  the  sum  of  the 
three  capacities ;  hence,  it  is  equal  to2H-8-|-4  =  9  microfarads.    Ans. 
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60.     Adjustable    Conclonsers. — Condensers    are    often 
placed  in  a  box  and  divided  into  sections,  which  may  be  cut 
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in  or  out  at  will.  Fig.  15  shows  a  condenser  provided  with 
switches  s,  s  for  cutting  different  sections  in  or  out^  and  so 
varying  the  capacity.  Condensers  have  been  used  to  some 
extent  commercially  in  connection  with  alternating-current 
motors  and  on  telegraph  and  telephone  circuits. 

61.     Fig.  16  gives  a  general  view  of  a  modern  form  of 
an  adjustable  condenser  used   in   making   electrical   tests. 
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The  sections  are  connected  between  parallel  brass  blocks, 
as   shown   in    Fig.    17,  so  that  they  may  be  joined  either 


"1 


c 
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in  series  or  in  multiple,  or  in  combinations  of  series  and 
multiple,  this  giving  a  much  wider  range  of  capacities 
for  the  same  size  and  number  of  individual  sections  than 
can  be  secured  by  the  ordinary  pattern,  shown  in  Fig.  18, 
with  which  only  multiple  combinations  can  be  obtained. 
For  instance,  by  placing  plugs  in  the  holes,  as   shown   in 
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Fig.  16,  all  sections  are  connected  in  parallel,  giving  a 
capacity  of  1  microfarad  between  the  binding  posts  E 
and  C.  Withdrawing  the  plug  o  gives  .05  +  .05  +  .2  +  .2 
=  .5  microfarad.     Withdrawing  the  plug  «,  or  both  n  and  o^ 


Pig.  18 

would  give  .05  +  .05  +  .2  =  .3  microfarad.  If  in  Fig.  17 
plugs  are  inserted  only  in  the  holes  c  and  d^  the  five  sections 
are  all  in  series  and  the  capacity,  which  is  the  smallest  that 
can  be  obtained,  may  be  calculated  by  formula  21  in  the 
following  manner: 

C      .05^.05^.2^.2^.5 
Hence,  C  =  ^j^y  =  .0192  microfarad. 

Example  1. — What  would  be  the  capacity  between  the  binding 
posts  C  and  jG",  Fig.  17,  with  plugs  inserted  only  in  holes  c^  t\  m,  n, 
and  o} 

Solution. — When  plugs  are  inserted  in  the  holes  named  above,  the 

condenser  sections  .05,  .05,  and  .5  are  connected  in  parallel  across  the 

two  terminal  bars.     In  addition,  the  two  .2  sections,  which  are  in  this 

case  connected  in  series  with  each  other,  are  connected  as  one  condenser, 

2x2 
having,  by  formula  20,  a  combined  capacity  of  -^ -^  =  .1  micro- 

farad,  in  parallel  with  the  other  sections  across  the  two  terminal  bars. 
Hence,  the  total  capacity  between  the  two  terminals  =  .05  -h  .05  -h  .5 
+  .1  =  .7  microfarad.     Ans. 

Example  2. — What  would  be  the  capacity  of  the  condenser  shown  in 
Fig.  17  when  plugs  are  inserted  only  in  holes  c,  t\  m,  and  {f7 

Solution. — The  condenser  sections  .05  and  .05  are  connected  in 
parallel  across  the  two  terminal  bars.     The  three  sections  .2,  .2,  and  .5 
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are  connected  in  series  with  one  another,  having,  therefore,  by  for- 
mula 21a  combined  capacity  C  =  -r —.  =  —  =  .0833  micro- 

111        l« 

farad.  This  forms  practically  one  condenser,  which  is  in  parallel  with 
the  two  sections  .05  and  .05.  Hence  the  total  capacity  of  the  condenser 
is  now  equal  to  .05  +  .05  H-  .0833  =  .1833  microfarad.     Ans. 

62.  In  Fig.  18  is  shown  a  plan  of  the  top  of  a  con- 
denser that  has  been  and  is  still  extensively  used.  The  five 
condensers,  or  sections  inside  the  box,  are  connected  to  the 
brass  bars  on  top  as  shown  by  the  dotted  lines.  By  insert- 
ing plugs  in  the  upper  row  of  holes  any  number  of  sections 
may  be  connected  in  parallel  and  hence  the  condenser  may 
have  any  of  the  following  capacities:  .05,  .1,  .2,  .25,  .3,  .4,  .45, 
.5,  .55,  .6,  .7,  .75,  .8,  .9,  .95,  and  1  microfarad.  A  plug 
inserted  in  any  one  of  the  lower  holes  will  short-circuit  that 
particular  section ;  and  if  a  plug  is  also  inserted  in  the  hole 
directly  above,  the  entire  condenser  is  practically  short- 
circuited.  For  instance,  if  plugs  are  inserted  in  the  holes  a 
and  Sy  the  apparatus  is  useless  as  a  condenser. 

Example. — When  plugs  are  inserted  only  in  the  holes  a,  b,  and  d 
in  Fig.  18,  what  is  the  capacity  of  the  condenser  between  the  ter- 
minals C  and  E  ? 

Solution. — In  this  case  the  sections  marked  .5,  .2,  and  .05  are  in 
parallel,  giving  a  capacity  of  .5  -h  .2  +  .05  =  .75  microfarad.     Ans. 

63.  Absorption. — When  a  condenser  is  charged,  the 
difference  of  potential  at  its  terminals  does  not  rise 
instantly  to  its  maximum  value  ;  that  is,  a  certain  time 
elapses  before  the  condenser  refuses  to  take  in  or  absorb 
any  more  electricity.  This  apparent  **  soaking  in"  is  due 
to  an  action  on  the  surface  of  the  dielectric.  On  dischar. 
ging,  a  certain  time  also  elapses  before  the  previous  charge 
is  entirely  removed ;  some  has  apparently  soaked  into  the 
dielectric,  giving  rise  to  what  is  known  as  a  residual 
charge,  part  of  which  can  be  obtained  by  again  dischar- 
ging. A  condenser  showing  such  a  property  is  said  to 
■possess  residual  absorption.  Furthermore,  if  the  insula- 
tion between  the  plates  is  poor,  the  charge  will  leak  away. 
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Hence,  the  actual  capacity  of  a  given  condenser  is  not  a  very 
definite  quantity,  since  it  depends  so  much  on  its  residual 
absorption  and  leakage.  Furthermore,  in  measuring  the 
capacity  of  a  condenser,  the  result  obtained  will  depend  on 
the  time  during  which  it  is  charged  or  discharged.  For 
these  reasons  it  is  difficult  to  accurately  measure  the  capacity 
of  a  condenser  and  especially  that  of  a  poor  condenser. 

The  capacity  of  most  circuits  met  with  in  practice  is  quite 
small  and  its  effect  is  not  usually  noticeable.  However, 
long  transmission  lines  have  an  appreciable  capacity,  the 
two  wires  constituting  the  plates  of  the  condenser.  The 
capacity  of  underground  cables  is  often  quite  large  and  that 
of  long  submarine  cables  is  very  large,  about  ^  microfarad 
per  knot  (2,029  yards).  In  the  latter  case  the  copper  con- 
ductor constitutes  one  plate  of  the  condenser  and  the  sheath 
of  the  cable  and  the  water  the  other  plate. 

64.  Since  certain  values  obtained  from  the  best  exist- 
ing authorities  were  selected  for  this  Section,  the  following 
values  have  been  advocated  by  Mr.  Carl  Hering:  1  mil-foot 
(or  preferably  1  circular  mil-foot)  of  pure  copper  at  15°  C. 
according  to  Professor  Lindeck,  is  equal  to  10.0275  ohms 
and  according  to  Matthiessen*s  standard,  it  is  equal  to 
10.1478  ohms;  the  resistivity  of  pure  copper  (per  cubic 
centimeter)  at  15°  C,  according  to  Professor  Lindeck,  i? 
equal  to  1.667  microhms,  and  according  to  Matthiessen's 
standard,  it  is  equal  to  1.687  microhms. 
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ELECTRIC  WORK  AND  POWER 

1.  Introductory. — Before  taking  up  the  subject  of  the 
magnetic  circuit,  which  includes  the  magnetic  properties  of 
iron  and  steel,  it  will  be  well  to  first  consider  electric  work 
and  power,  because  the  latter  is  used  in  connection  with  the 
property  of  a  magnetic  substance  called  hysteresis.  More- 
over, electric  work  and  power  is  a  very  important  subject, 
and  one  that  the  student  may  have  occasion  to  use  con- 
tinually. 


EliECTRIC    WORK 

2.  When  an  electric  current  flows  from  a  higher  to  a 
lower  potential,  electrical  energy  is  expended  and  work  is 
done.  This  energy  is  expended  in  heating  the  conductor 
constituting  the  circuit.  When  water  flows  through  a  pipe 
the  friction  of  the  water  against  the  walls  of  the  pipe  pro- 
duces heat,  in  an  exactly  similar  manner  as  heat  is  produced, 
for  instance,  by  rubbing  sandpaper  over  a  wooden  surface. 
In  the  latter  case,  however,  the  friction  is  very  great,  and 
the  heat  produced  is  quickly  felt  by  the  hand,  while  in  the 
case  of  water  against  metal  pipes,  the  friction  is  compara- 
tively very  small,  and  the  heat  produced  thereby  is  not  per- 
ceptible to  our  sense  of  touch.  Nevertheless,  the  heat  is 
there,  as  the  principle  of  the  conservation  of  energy  proves. 
This  heat  is  dissipated  into  the  surrounding   atmosphere; 
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it  is,  therefore,  not  destroyed,  but  merely  exists  in  another 
form,  having  gone  to  increase  the  temperature  of  the  air. 

Exactly  so  it  is  with  the  energy  expended  when  an  elec- 
tric current  flows  through  a  conductor;  the  conductor 
resists  the  flow  of  the  electric  current,  and  hence  a  certain 
amount  of  electric  energy  is  transformed  into  heat  energy. 
This  fact  becomes  very  noticeable  at  times,  for  the  conduc- 
tor may  become  exceedingly  hot — so  hot,  indeed,  that  unless 
due  care  is  exercised,  the  wire  carrying  the  current  may  be 
melted  by  the  great  heat  produced. 

3.  Joule's  liaw.  —  It  has  been  experimentally  deter- 
mined, as  already  explained,  that  when  an  electric  current 
has  passed  through  a  substance,  the  development  of  heat 
was  proportional  (1)  to  the  resistance  of  the  conductor; 
(2)  to  the  square  of  the  current ;  (3)  to  the  time  during 
which  the  current  flows. 

The  energy,  or  work,  expended  in  a  circuit  may  be  very 
conveniently  expressed  by  formulas  for  the  various  cases 
occurring  in  practical  work.  For  use  in  the  formulas  that 
will  be  given, 

let      J  =  electric  work  in  joules; 
/  =  current  in  amperes; 

/  =  time  in  seconds  during  which  current  flows; 
E  =  electromotive  force,  or  difference  of  potential, 

in  volts; 
R  =  resistance  in  ohms. 

When  the  current,  resistance,  and  time  are  known,  then 
the  work  expended  is  given  by  the  formula 

J^PRt  (1) 

This  formula,  which  gives  the  work  J  in  joules  in  terms 
of  the  current  /in  amperes,  the  resistance  R  in  ohms,  and 
the  time  t  in  seconds,  is  generally  called  Joule's  la-w. 

The  Joule  may  therefore  be  defined  as  that  amount  of 
energy  which  is  expended  during  the  time  of  1  second  by 
1  ampere  flowing  through  a  resistance  of  1  ohm. 
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The  joule  is  the  practical  (electromagnetic)  unit  of  energy, 
or  work.  It  is  greater  than  the  C.  G.  S.  unit  of  energy,  or 
work,  which  is  called  the  erg.  One  C.  G.  S.  unit  of  work, 
the  erg,  equals  one  ten-millionth  (yDTniVir^-ff)  P^^t  of  a  joule; 
or,  1  erg  =  10"'  joules.  One  joule  equals  ten  million 
(10,000,000)  ergs;  or,  1  joule  =  10'  ergs. 

Example. — Find  the  amount  of  work  done  in  joules  when  a  cur- 
rent of  15  amperes  flows  for  ^  hour  against  a  resistance  of  2  ohms. 

Solution. —  |  hr.  =  1,800  sec.  By  formula  1,  the  electric  work 
done 

/= /«^/=  15X15X2X1.800  =  810,000  joules    Ans. 

4,  When  the  current,  time,  and  electromotive  force  or 
difference  of  potential  are  given,  the  formula  for  calculating 
the  work  may  be  derived  as  follows  : 

Formula  1  may  be  written  J  =  1 1  Rt^  and  according  to 
Ohm*s  law,  I R  =  E\  hence,  substituting  E  for  I R  in  the 
above  expression,  we  obtain 

J^IEt         (2) 

This  formula  gives  the  work  in  joules  in  terms  of  the 
current  in  amperes,  the  electromotive  force  or  difference  of 
potential  in  volts,  and  the  time  in  seconds. 

Example. — Find  the  amount  of  work  in  joules  done  in  1  hour  by  a 
current  of  25  amperes  under  an  electromotive  force  of  20  volts. 

Solution. —    1  hr.  =  3, COO  sec.     By  formula  2,  the  electric  work 
/=/^/  =  25x20x  8,600  =  1,800,000  joules    Ans. 

5.  When  the  resistance,  time,  and  electromotive  force, 
or  difference  of  potential,  are  given,  then  according  to  Ohm's 

E 
law,  /  =  -j=,  and  inserting  this  value  of  /  in  the  formula 

y  =  I E  ty  yr^  obtain 

E^t 
J=^         (3) 

This  formula  gives  the  work  in  joules  in  terms  of  the 
time  in  seconds,  the  resistance  in  ohms,  and  the  electromo- 
tive force,  or  difference  of  potential,  in  volts. 
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Example. — What  is  the  amount  of  work  done  in  joules  in  45  minutes 
in  a  circuit  having  2(M)  ohms  resistance,  the  electromotive  force  being 
110  volts? 

Solution. —    45  min.  =  2,700  sec.    By  formula  3,  the  electric  work 

done 

-       E}t       110X110X2,700       .^Qwv.     ,        A 
/  =  -^  =  ^^ =  168,&50  joules    Ana. 

6.  When  the  quantity  of  electricity  and  the  electromo- 
tive force,  or  difference  of  potential,  are  given,  a  formula 
may  be  derived  as  follows :  it  has  been  explained  that  1  ampere 
flowing  for  1  second  equals  1  coulomb;  that  is,  //  =  Q. 
Substituting  Q  for  //  in  the  formula y  =  I Et^  we  obtain 

J=QE        (4) 

This  formula  gives  the  work  in  joules  in  terms  of  the 
quantity  of  electricity  in  coulombs  and  the  electromotive 
force  or  difference  of  potential  in  volts.  One  joule  may  now 
be  defined  as  the  amount  of  energy  expended  when  1  coulomb 
flows  between  two  points  in  a  conductor  between  which  two 
points  there  is  a  difference  of  potential  of  1  volt.  One  joule 
may  therefore  be  said  to  be  1  volt-couloinb,  just  as  in 
mechanics  the  work  done  by  raising  1  pound  through  1  foot 
is  called  1  foot-pound. 

The  watt-hour  and  the  kilowatt-hour  are  the  two  units  of 
electric  work  that  are  extensively  used  in  practice.  How- 
ever, they  can  be  better  understood  after  power,  or  the  rate 
of  doing  work,  has  been  considered. 


btjEctkic  power 

7.  When  there  are  several  circuits,  and  the  rates  at 
which  work  is  being  done  in  the  various  circuits  are  to  be 
compared,  the  element  of  time  in  which  the  work  is  done 
must  be  considered. 

In  practical  mechanical  work  the  unit  of  time  is  always 
1  minute,  and  the  unit  that  measures  the  work  performed  in 
a  unit  of  time  is  the  foot-pound  per  minute.     This  unit  is 
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called  the  nnlt  of  mechanical  power.  Power  is,  there- 
fore, the  rate  of  doing  work,  and  hence  the  mechanical 
power  exerted  can  always  be  determined  by  dividing  the 
work  done  in  foot-pounds  by  the  time  in  minutes  required 
to  do  it. 

In  electrical  work  the  unit  of  time  is  the  second,  and  the 
unit  that  measures  the  work  performed  in  a  unit  of  time  is 
the  Joule  x>ep  second,  which  unit  has  been  named  the  -watt. 
The  watt  is,  therefore,  the  practical  (electromagnetic)  unit  of 
electric  power. 

Hence,  if  in  a  certain  electrical  circuit,  say  1,000  joules  of 
work  are  done  in  10  seconds,  the  power  exerted  is  1,000  -r-  10 
=  100  joules  per  second,  or  100  watts.  If  in  another  circuit 
the  same  work  is  done  in  5  seconds,  the  power  there  exerted 
is  1,000  -r-  5  =  200  joules  per  second,  or  200  watts — just 
twice  as  much.  Henre,  we  say  that  the  power  exerted  in 
the  second  circuit  is  twice  that  exerted  in  the  first ;  and  we 
understand  thereby  that  if  in  both  circuits  work  is  done  for 
the  same  length  of  time,  twice  as  much  work  will  be  done  in 
the  second  circuit  as  in  the  first. 

8.  The  formula  expressing  the  power  exerted  in  an 
electrical  circuit  may  be  derived  as  follows:  According  to 
the  last  article,  electric  power  is  measured  in  watts,  1  watt 
being  equal  to  1  joule  per  second.  According  to  the  formula 
J  =  I Et^  joules  =  amperes  X  volts  X  seconds.  Dividing 
both  sides  of  this  equation  by  the  time  in  seconds  gives 

J =  joules   per   second  =  amperes  X  volts.       But 

seconds        ^ 

joules    per    second    =    watts;    hence,     watts    =    amperes 

X  volts. 

If      /*  =  total  watts  expended  in  the  circuit; 
E  =  electromotive  force  in  volts; 
/  =  current  in  amperes, 

then,  P-EI,  (5) 

which  may  be  expressed  by  the  following  rule: 
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Rule. — In  an  electrical  circuit  through  which  a  direct  cur- 
rent is  floiving^  the  power  in  watts  is  equal  to  the  product 
obtained  by  multiplying  the  current  in  amperes  by  the  elec- 
tromotive force  in  volts. 

Example. — What  is  the  power  in  watts  in  an  electrical  circuit  in 
which  .6  ampere  flows  under  a  pressure  of  110  volts  ? 

Solution. —    /=  .6;  E  =  110;  hence,  by  formula  5, 
P  =  EI  =  .6  X  110  =  M  watts    Ans. 

Since  1  watt  equals  1  joule  per  second,  and  1  joule  equals 
10'  ergs,  then  evidently  1  watt  equals  10'  ergs  per  second. 

9.  When  the  power  is  to  be  expressed  by  the  current 

and   resistance,    the    formula    is    obtained    as    follows:   / 

work  ioules 

=  P  Rt.  but  power  =  —. and  watts  =  -: -. r-; 

^  time  time  in  seconds 

hence,  ^  =  T  =  ^-^  =^  P R\ 

that  is,  P-  P R,  (6) 

which  may  be  expressed  by  the  following 

Rule. — /;/  an  electrical  circuit  through  tvhich  a  direct  cur- 
rent  is  floxviyig  the  power  in  watts  is  equal  to  the  product 
obtained  by  multiplying  the  square  of  the  current  in  amperes 
by  the  resistance  of  the  circuit  in  ohms. 

Example. — Determine  the  power  expended  in  watts  in  an  elec- 
trical circuit  having  a  resistance  of  183.3  ohms,  through  which  a 
current  of  .6  ampere  is  flowing. 

Solution. — /=  .6  ampere;  R  —  183.3  ohms;  hence,  by  formula  6, 
/^  =  /« y?  =  .6  X  .6  X  183.3  =  65.99  watts     Ans. 

Note. — It  will  be  observed  that  this  result  is  the  samer  within 
decimal  limits,  as  that  obtained  from  the  example  in  Art.  8.  It  is, 
in  fact,  the  same  circuit. 

10.  When  the  power  is  to  be  expressed  by  the  electro- 
motive  force   and  resistance,   the    formula  is   obtained  as 
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E*t 
follows:  According  to  formula  3,  we  havey  =  -^-,  but,  as 

before,  watts  =  -^ -. r-;  hence, 

time  m  seconds 

E* 
P=^,         ('3') 

which  may  be  expressed  by  the  following 

Rule. — In  an  electrical  circuit  through  which  a  direct  cur- 
rent  is  flowing^  the  power  in  watts  is  equal  to  the  quotient 
obtained  by  dividing  the  square  of  the  electromotive  force  iti 
volts  by  the  resistance  in  ohms. 

Example. — Determine  the  power  in  watts  of  an  electrical  circuit 
having  a  resistance  of  183.8  ohms  and  an  electromotive  force  of 
110  volts. 

Solution.—    JE*  =  110  volts;  R  =  188.8  ohms;  hence,  by  formula  7, 
Z'  =  ^  =  — i^g-  =  66  watts    Ans. 

Note. — Observe  that  this  is  again  exactly  the  same  as  the  results 
obtained  from  the  examples  in  Arts.  8  and  9.  It  is,  in  fact,  the  same 
example  in  all  three  cases. 

11,  Kilo-watt. — A  unit  of  electrical  power  in  extended 
use  is  the  kllcwatt,  having  the  value  of  1,000  watts.  This 
unit  is  usually  written  K.  W.  One  K.  W.  equals  1,000  watts. 
To  reduce  the  power  expressed  in  kilowatts  to  watts,  it  is 
necessary  to  multiply  the  number  of  kilowatts  by  1,000. 
For  use  in  formulas,  kilowatts  must  generally  be  reduced 
to  watts.     For  instance,  10  kilowatts  divided  by  50  amperes 

gives — ^ =  200  volts,  and  not  \^  ^  .%  volt. 


EXAMPLES  FOR  PRACTICE 

1.  Given  electromotive   force  =  80   volts;  resistance  =  2  ohms. 
Find  the  power  in  watts  and  kilowatts. 

Ans.  3,200  watts,  or  3.2  kilowatts 

2.  Given  resistance  =  11.8  ohms ;  strength  of  current  =  20  amperes. 
Find  the  power  in  watts.  Ans.  4,720  watts 

8.     Given  electromotive  force  =  112   volts;  strength  of  current 
=  12  amperes.     Find  the  power  in  watts.  Ans.  1,344  watts 
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REI^TIOKS   OF   MECILA^NICAIi,  KI^ECTRICAIi,  AND 

HEAT  £NERGIE8 


ATECHANICAX.  EQUTVALENT  OF  HEAT 

1!3«  The  distinguished  English  scientist,  Joule,  after 
whom  the  practical  electric  unit  of  energy  is  named,  made 
elaborate  experiments  to  determine  exactly  what  relation 
existed  between  the  units  of  work  and  heat.  The  experi- 
mental result  that  is  now  most  generally  accepted  gives 
778  foot-pounds  of  work  as  being  exactly  equivalent  to  the 
amount  of  heat  required  to  raise  the  temperature  of  1  pound 
of  pure  water  1°  F.,  at  or  near  39*^  F.,  the  temperature  of 
its  maximum  density.  This  amount  of  heat  is  called 
1  British  tliermal  unit  (written  B.  T.  U.).  Therefore,  we 
have  the  relation  778  foot-pounds  =  1  British  thermal  unit 
and  1  foot-pound  =  .001285  British  thermal  unit.  This 
relation  is  called  the  mecliauleal  equivalent  of  lieat. 

From  this  relation  follows  the  formula,  in  which  F.  P. 
represents  foot-pounds. 

F.  P.   =  778  X  B.  T.  U.  (8) 

Rule. —  To  reduce  the  amount  of  heat  developed  in  British 
thermal  units  to  foot-pounds^  multiply  the  number  of  British 
thermal  units  by  778. 

The  last  formula  may  be  expressed  by  transferring  the 
constant  to  the  other  side  of  the  equation  and  taking  its 
reciprocal,  as  follows: 

B.  T.  U,   =  .001285  X  F.  P. 

From  the  experimental  result  showing  the  relation 
between  foot-pounds  and  British  thermal  units,  and  the 
known  relations  existing  between  a  pound  and  a  gram,  a 
foot  and  a  centimeter,  and  a  degree  on  the  Fahrenheit  and 
centigrade  temperature  scales,  the  relations  between  the 
various  units  of  work  and  heat  can  be  calculated. 
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RELATION  BETWEEN  JOULES  AND  FOOT-POUNDS 

13,  It  has  been  stated  that  1  joule  is  the  work  performed 
in  an  electrical  circuit  when  a  current  of  1  ampere  flows 
through  a  resistance  of  1  ohm  for  1  second.  That  is, 
y  =  P  R  t.  From  the  relations  between  foot-pounds  and 
British  thermal  units,  and  between  the  English  and  absolute, 
or  C.  G.  S.,  units,  it  can  be  shown  that  1  joule  equals 
.7373  foot-pound,  or  that  1  foot-pound  equals  1.356  joules.* 
Therefore,  when  the  work  in  joules  is  known,  the  work  in 
foot-pounds  is 

F.  P.  =  .7373/.  (9) 

which  may  be  expressed  by  the 

Rule. —  The  equivalent  work  done  in  foot-pounds^  when  the 
work  in  joules  is  known,,  is  obtained  by  multiplying  the 
number  of  joules  by  .  737S. 

The  last  formula  may  be  expressed  as  follows: 

/=  1.356  F.  P. 

Example  1. — Express  the  work  accomplished  in  foot-pounds  in  a 
circuit  where  a  current  of  8  amperes  flows  for  2  hours,  the  electro- 
motive force  being  10  volts. 

Solution.—  2  hr.  =  7,200  sec.  =  A  By  the  formula  /=  /£t, 
the  electrical  work  done  equals /=  8  X  10  X  7,200  =  576,000  joules. 
Expressed  in  foot-pounds  this  will  be  by  the  formula  F.  P.  =  .7378 y, 

F.  P.  =  .7373  X  576,000  =  424,684.8  ft. -lb.     Ans. 


*  The  relation  between  foot-pounds  and  joules  may  be  determined 
in  the  following  manner:  Since  1  foot  equals  30.479  centimeters,  and 
1  pound  equals  463. 59  grams,  then  1  foot-pound  =  30.479  X  453.59  centi- 
meter-gram units  of  work.  The  next  step  is  to  reduce  this  work  from 
centimeter-gram  units  to  ergs.  One  erg  is  the  work  done  in  over- 
coming a  force  of  1  dyne  through  a  distan^ce  of  1  centimeter.  The 
force  with  which  the  earth  attracts  a  mass  of  1  gram  varies  at  differ- 
ent points  of  the  earth's  surface,  but  this  variation  is  usually  neglected 
in  practice  and  it  is  customary  to  take  981  as  the  acceleration  of  gravity 
in  such  reductions.  Since  P—  ma,  in  which  /^equals  the  force  in 
dynes,  m  the  mass  in  grams,  and  a  the  acceleration  in  centimeters  per 
second  per  second,  then  a  force  of  453.59  grams  is  equivalent  to  453.59 
X  981  dynes.  Then,  1  foot-pound  ^  30.479  X  453.59  x  981  =  13,562,- 
300  ergs;  or  1  foot-pound  =  1.35623  X  10'  ergs.  But  1  joule  equals 
10'  ergs;  hence,  1  foot-pound  equals  1.35623  joules.     From  this  it  fol- 

1 
lows  that  1  joule  =  t-  .>,..>...  =  .73734  foot-pound. 

43—12 
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Example  2. — Find  the  amount  of  work  done  in  foot-pounds  by  a 
current  of  4  amperes  flowing  for  15  seconds  against  a  resistance  of 
3  ohms. 

Solution. — By  formula  1,  the  electrical  work  done  equals  y  =  4 
X  4  X  3  X  15  =  720  joules.  The  mechanical  work  done  by  the  formula 
F.  P.  =  .7378/,  is 

F.  P.  =  .7373  X  720  =  530.856  ft. -lb.     Ans. 

Example  3. — Find  the  equivalent  energy  in  foot-pounds  of 
($00,000,000  ergs. 

Solution.— Since  1  joule  equals    10,000,000   ergs   (Art.   3),   then 

600  000  000 
600,000,000  ergs  are  equivalent  to        '       '        =  60  joules.    But  1  joule 

=   .7373    ft. -lb.  ;     then.    60    joules    are    equivalent     to    60  X  .7373 
=  44.238  ft. -lb.     Ans. 


BEIiATION  BETWEEN  JOULES  AND  BRITISII  THERMAL  UNITS 

14.  It  can  be  shown  that  for  each  joule  of  work  expended 
in  heating  an  electric  conductor  there  is  always  developed 
.0009477  British  thermal  unit.*  Hence,  1  joule  equals 
.0009477  British  thermal  unit,  and  1  British  thermal  unit 
equals  1,055  joules.  If  B.  T.  U.  represents  the  heat  devel- 
oped in  British  thermal  units,  and  J  the  work  done  in  joules, 
then 

B.  T.  U.   =  .0009477/  (10) 

Rule. —  To  reduce  joules  to  British  thermal  units  ^  multiply 
the  7iumber  of  joules  by  ,0009^77, 

The  last  formula  may  be  expressed  as  follows: 

/  ==  1,055  X  B.  T.  U. 


*  The  relation  between  joules  and  British  thermal  units  may  be 
determined  as  follows:  It  has  already  been  shown  that  1  foot-pound 
equals  1.35623  joules,  and  it  has  been  experimentally  determined  that 
1  British  thermal  unit  equals  778  foot-pounds,  or  1  foot-pound 
equals  y|g^  British  thermal  unit ;  hence,  by  equating,  we  obtain 
1.85623  joules  equals  ,1^^  British  thermal  unit.  From  this  we  get 
1,055.14  joules  equals  1  British  thermal  unit,  or  .00094774  British  ther- 
mal unit  equals  1  joule. 


§  4  THE  MAGNETIC  CIRCUIT  11 

Example  1. — Given  an  electrical  circuit  having  a  resistance  of 
8  ohms,  through  which  a  current  of  5  amperes  flows  for  1  hour,  deter- 
mine (a)  the  work  done  in  joules;  (d)  the  number  of  foot-pounds  this 
work  is  equivalent  to;  {c)  the  number  of  British  thermal  units 
developed. 

Solution. —    /  =  8,600  sec. ;  /=  5  amperes;  R  =  8 ohms;  then, 

(a)  By  the  formula  J—  P  Rt,  the  work  equals  6  X  5  X  3  X  8,600 
=  270,000  joules.     Ans. 

(b)  According  to  the  formula,  F.  P.  =^  .7878/,  the  work  equals 
270,000  X  .7378  =  199,071  ft. -lb.    Ans. 

(c)  According  to  Art.  IS,  1  ft. -lb.  is  equivalent  to  a  heat  develop- 
ment of  .001285  B.  T.  U. ;  hence,  199,071  X  .001285  =  255.81  B.  T.  U. 

Ans. 

Example  2. — Determine  how  many  B.  T.  U.  are  developed  in  an  elec- 
trical circuit  having  a  resistance  of  180  ohms,  through  which  a  current 
of  2  amperes  flows  for  1  minute. 

• 

Solution. —  /  =  60  sec. ;  /  =  2 ;  i?  =  180 ;  hence,  by  the  formula 
J  —  I*  R  t,  the  number  of  joules  =  2  X  2  x  180  X  60,  and  the  heat  units 
developed  are,  according  to  the  formula  B.  T.  U.  =  . 0009477  y, 

B.  T.  U.  =  .0009477  X  2  X  2  X  180  X  60  =  40.94  B.  T.  U.     Ans. 

Example  8. — Given  an  electrical  circuit  having  a  resistance  of 
8  ohms,  in  which  a  current  of  2  amperes  flows  for  4  seconds,  determine 
{a)  the  work  in  joules  done  in  this  circuit,  and  (^)  the  number  of  B.  T.  U. 
developed  in  the  circuit. 

Solution.—/  =2;  /  =  4;  >?  =  3.  {a)  By  the  formula  /=  I^Rt, 
the  work  done  =  2x2x8x4  =  48  joules.     Ans. 

{b)  By  the  formula  B.  T,  U.  =  .0009477  /,  we  get  .0009477  X  48 
=  .0454896  B.  T.  U.     Ans. 

We  therefore  see  that  there  is  developed  in  the  circuit  of  this  example 
.04549  heat  unit  (B.  T.  U.)  when  48  joules  of  work  are  done. 


CALORIi: 

15,  Besides  the  units  of  work  and  heat  already  men- 
tioned, the  unit  of  heat  called  the  calorie  is  considerably 
used,  especially  in  scientific  investigations.  There  are  two 
calories,  called,  respectively,  the  large  and  the  small  calorie, 
or  the  kilogram-calorie  and  the  gram-calorie.     The  first  is 
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the  quantity  of  heat  required  to  raise  the  temperature  of 
1  kilogram  of  water  1°  C.  The  second  is  the  quantity  of  heat 
required  to  raise  the  temperature  of  1  gram  of  water  1°  C. 
When  merely  the  one  word  calorie  is  used,  the  gram-calorie 
is  generally,  though  not  always,  the  one  meant.  The  small 
calorie  is  often  called  the  gram-degree  centigrade  unit  of 
heat.  Whenever  the  word  calorie  is  used  in  this  section,  it 
means  the  gram,  or  small,  calorie. 

The  following  relations  between  joules  and  calories  can  be 
shown  to  be  true.*  One  calorie  equals  4.187,  or  4.2  joules, 
and  1  joule  equals. 2388,  or  .24  calorie. 

Then,  H  =  rUPRt  =  .24/,  (11) 

in  which  H  is  the  number  of  calories  produced  in  a  wire 
having  a  resistance  of  R  ohms  by  a  current  of  /  amperes  in 
/  seconds,  and  /  is  the  work  expended  in  joules.  From  this 
we  have  the 

Rule. — To  reduce  the  work  in  joules  expended  in  an  electric 
conductor  to  the  equivalent  amount  of  heat  developed  in  cal- 
ories^ multiply  the  number  of  joules  by  ,2Jf., 

Formula  11  can  also  be  expressed  as  follows: 

/=  4.2// 

Example. — If  an  insulated  coil  of  wire  having  a  resistance  df 
6  ohms  is  entirely  immersed  in  water,  how  many  calories  will  be 
expended  in  heating  the  water  when  a  current  of  10  amperes  flows 
through  the  coil  for  2  hours  ? 


*  The  calorie  is  the  heat  required  to  raise  the  temperature  of  1  gram 

of  water  V  Q.\  that  is,  grams  x  degrees  centigra^  may  be  said   to 

represent  calories.     Similarly,  pounds  x  degrees  Fahrenheit  may  be 

said  to  represent  British  thermal  units.     Since  there  are  453.59  grams 

in  1  pound,  and  f  centigrade   degree  in   1   Fahrenheit  degree,  then 

1    B.  T.  U.  =  453.59  X  |  =  251.994  gram-degree  centigrade  units  or 

calories.      Hence,  1  B.  T.  U.   =   251.994  calories.      But   it   has  been 

stated    that    1    B.  T.  U.   =  1,055.14    joules;    hence,   251.994    calories 

1  055  14 
=  1,055.14  joules;  consequently,  1  calorie  =  ^J  qWr  ~  ^•^^'^'^  joules, 

and  1  joule  =  t-^jt^to  =  .23882  calorie. 

4.1o<i5 
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Solution. — The  number  of  joules  expended  in  the  coil  may  be 
calculated  by  substituting  in  the  formula  J  —  PR /,  which  gives 
/=  10*  X  5  X  2  X  60  X  60  =  3,600.000  joules.  Then,  according  to  the 
formula  H  —  MA  J,  we  get  H  =  Mx  8.600,000  =  864,000  calories. 

Ans. 

It  is  shown  in  the  foot-note  in  which  is  derived  the  relation 
between  joules  and  calories,  that  1   British  thermal   unit 

=   251.994,    or   252,    calories.     Then    1   calorie  =   ^7^7-^777 

/60I.994 

=  .0039683  British  thermal  unit. 


WATT-HOTJKS 

16,  The  watt-hour  is  a  unit  of  electrical  energy  or 
work.  It  is  not  a  unit  of  power.  A  watt-hour  is  equiva- 
lent to  the  work  done  when  1  watt  is  expended  for  1  hour. 
For  instance,  if  2  watts  are  expended  in  an  electric  circuit 
for  3  hours,  then  3x2  =  6  watt-hours  of  work  have  been 
done;  or  if  1  watt  is  expended  for  6  hours,  then  1x6 
=  6  watt-hours  of  work  have  been  done.  In  both  cases 
exactly  the  same  amount  of  work  has  been  done. 

Since  there  are  3,600  seconds  in  1  hour,  then  a  watt- 
hour  is  3,600  times  greater  than  a  joule,  which  is  1  watt  for 
1  second. 

1  watt-hour  =  3,600  joules 

=  859.8  calories 
=  2,654  foot-pounds 
=  3.412  British  thermal  units. 

Note. — These  relations  are  readily  derived  by  multiplying  the  rela- 
tion between  joules  and  the  various  other  units  by  3,600.  For  instance, 
1  watt-hour  =  3,600  joules,  but  1  joule  =  .23882  calorie;  hence,  1  watt- 
hour  =  8,600  X  .23882  =  859.75  calories.  To  be  a  little  more  exact,  the 
following  relation,  taken   from   the  note  in  Art.  15,  may  be  used  : 

,     .     ,  251.994       .     .  „  .         ..  u  3600  X  251.994 

1    joule  =  ^^ee  ^ .    calories.      Hence,   1    watt-hour  =  ^^,,  .. 

■'  1055.14  105O.14 

=  859.77  calories.     This  is  the  value  used  in  Table  I  in  expressing  the 

relation  between  kilowatt-hours  (1  kilowatt-hour  =  1,000  watt-hours) 

and  calories. 

Example. — Find  the  power  in  watts  in  a  closed  circuit  in  which  an 
electrical  energy  equivalent  to  785,584  foot-pounds  is  expended  in 
4  hours. 
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Solution.— Since  1  watt-hour  =  2,664  ft. -lb.,   then  785,584  ft.-lb. 

785  584 
=  TfV/ri"  watt-hours.     But  this  work  was  done  in  4  hours;  hence,  the 
<c,oo4 

rate  at  which  it  was  done  is  ^-^4 j  =  74  watts.    Ans, 

2,654  X  4 

17.  The  kllo-watt-hour  is  a  unit  of  electrical  energy  or 
work.  A  kilowatt-hour  is  equivalent  to  the  work  done 
when  1  kilowatt  is  expended  continuously  for  1  hour.  Hence, 
if  3  kilowatts  are  expended  in  an  electrical  circuit  for 
4  hours,  then  3x4  =  12  kilowatt-hours  of  work  have  been 
done.  Since  1  kilowatt  =  1,000  watts,  then  1  kilowatt- 
hour  =  3,600  X  1,000  =  3,600,000  times  greater  than  a 
joule. 

1  kilowatt-hour  =  3,600,000  joules 

=   859,800  calories 
=  2,654,000  foot-pounds 
=  3,412  British  thermal  units 

The  kilowatt-hour  is  generally  used  where  dectrical 
energy  is  charged  for  by  meter. 

Example  1. — An  electric-power  station  supplies  a  factory  with 
500  amperes.  If  the  total  drop  of  potential  in  the  line  wire  between 
the  power  station  and  the  factory  is  50  volts,  (a)  how  much  power  in 
kilowatts,  (^)  how  much  energy  in  kilowatt-hours,  and  (c)  how  much 
energy  in  joules  is  wasted  in  10  hours  in  the  line  wire  ? 

Solution. — (a)  The  current  /  is  500  amperes  and  the  difference 
of  potential  E  is  50  volts;  hence,  the  power  wasted  is  P  =  IE  =  600 
X  50  =  25,000  watts,  or  25  kilowatts.     Ans. 

{b)    The  energy  wasted  is  25  X  10  =  250  kilowatt-hours.     Ans. 

{c)  The  time  equals  60  X  60  X  10  =  36,000  seconds.  The  energy 
wasted  is/  =/£"/  =  500  X  50  X  36,000  =  900,000,000  joules.     Ans. 

Example  2. — Find  the  power  in  watts  in  a  closed  circuit  in  which  an 
electrical  energy  equivalent  to  125,341  foot-pounds  is  expended  in 
50  minutes. 

Solution.—    1  joule  =  .7373  ft.-lb. ;   therefore,      'IZ:^  =  170,000 

joules.    Electric  power  equals  -; \ —  v-  =  ^^  '  ,-  =  56.67  watts. 

■'  r-  T         X.\xi\^  in  seconds       50  X  60  . 

Ans. 
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Example  8. — The  electrical  energy  expended  in  a  closed  circuit  in 
2  hours  is  equivalent  to  4,246,848  foot-pounds;  if  the  electromotive 
force  is  200  volts,  what  is  the  strength  of  the  current  flowing  in  the 
circuit  ? 

Solution.—    1    joule  =  .7373   ft -lb.;    therefore,   4,246,848  ft.-lb. 

4  246  848 
=  -^-i7b;^o —  =  576,000  joules.     Electrical  energy  in  joules  equals  Elt 

by  formula  8.    Therefore.  /  =  ;^  =  auo  x^eo'^  x  2  =  *  ^'"P^"*^- 

Ans. 

18,  We  have  now  established  relations  between  the 
various  units  in  which  mechanical  work,  electric  work,  ^ 
and  heat  energy  are  measured,  so  that  any  one  can  now  be 
mathematically  expressed  in  terms  of  the  others.  Table  I 
will  be  found  very  useful  for  all  examples  involving  trans- 
formations of  energy. 


EliECTMCAIi  HORSEPOWER 

19,  In  mechanical  calculations  the  foot-pound  per  minute 
is  found  to  be  too  small  a  unit  for  practical  use ;  therefore  a 
unit  has  been  adopted  having  the  value  of  33,000  foot-pounds 
per  minute,  which  is  about  equivalent  to  the  power  a  strong 
horse  can  exert.  This  unit  is,  therefore,  named  the  horse- 
power. 

Similarly  in  electrical  calculations  the  joule  per  second, 
that  is,  the  watt,  is  very  often  too  small  a  unit  for  practical 
use.  In  such  cases  either  the  kilowatt  or  the  horsepower  is 
used.  The  number  of  watts  equivalent  to  1  horsepower 
may  be  obtained  in  the  following  manner: 

One  mechanical  horsepower  =  33,000  foot-pounds  per  min- 

33  000 
ute.    But  33,000  foot-pounds  per  minute  =  — j—  =  550  foot- 
pounds per  second.    Hence,  1  horsepower  =  550  foot-pounds 

-  ^    ,  ,  J        1  horsepower 

per   second,    or   1  foot-pound  per  second  = -~ , 

oou 

And  1  joule  =  .7373  foot-pound;  hence,  1  joule  per  second 

or  1  watt  =  .7373  foot-pound  per  second,  and,  hence,  1  foot- 

1  watt 
pound  per  second  =  -^^.j--      We   have,    therefore,  found 
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the  value  of  the  foot-pound  per  second  expressed  both  in 

horsepower  and  in  watts;  so  that  1  foot-pound  per  second 

1  horsepower        1  watt    --  ...  /^    j  .*         ,         e 

=  =T^ =      ^^^^  ,  from  which  we  find  the  value  of 

o50  .7373* 

550 
1  mechanical  horsepower  =  watts  =  746  watts.     This 

.  I  o  Jo 

value,    740   watts,    is   sometimes    termed    one    electrical 
horsepower. 

20,  The  power  exerted  in  any  electrical  circuit  may  now 
be  expressed  in  horsepower  units  by  the  following 

Rule. —  To  express  the  rate  of  doing  electrieal  work  in 
horsepower  iinits^  find  the  number  of  watts  and  divide  the 
result  by  7i6. 

If  H.  P.  =  horsepower  and  P  =  watts,  then 

p 
H.  P.  =  Y^  (12) 

Since  P  has  the  various  values  given  by  formulas  6,  6, 
and  7,  the  horsepower  may  also  be  expressed  by  the  three 
following  formulas: 

H.  P.  =  ^  (13) 

H.  P.  =  ^  (14) 

21.  A  kilowatt  is  related  to  the  horsepower  by  the 
following  equations : 

1  K.  W.  =  1,000  watts  =  1.34  H.  P. 
1  H.  P.   =      746  watts  =  .746  K.  W. 

Example. — The  common  incandescent  electric  light  consists  of  a 
glass  bulb  containing  a  simple  carbon  conductor,  the  two  free  ends 
of  which  are  connected  to  the  source  of  the  electric  current.  When 
the  current  flows  through  this  conductor,  it  heats  it  to  such  a  degree 
that  it  becomes  white  hot,  or,  as  such  a  state  is  called,  incandescent. 
If  this  conductor  has  a  resistance  of  189  ohms  and  the  lamp  is  supplied 
with  an  electromotive  force  of  110  volts,  determine   the  following 
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points  of  interest:  {a)  What  current  does  the  lamp  take?  (d)  How 
many  watts  does  it  consume  ?  (c)  How  many  B.  T.  U.  are  developed 
per  second  ?  (r/)  How  many  such  lamps  would  1  electrical  horsepower 
keep  burning  ?  {^)  What  is  the  mechanical  equivalent  of  the  heat 
developed  per  second  in  the  lamp?  (/)  For  how  many  such  lamps 
would  10  K.  W.  suffice  ? 

Note. — Regard  the  lamp  as  a  simple  conductor  of  the  stated  resist- 
ance in  solving  all  problems  relating  to  it. 

Solution.— (<?)  ^  =  110;  ^  =  189;  hence,  by  Ohm's  law. 

/  z=  —  =  — —  =  .582  ampere    Ans. 

(d)    By  solution  (a),  I  —  .582;   £*  =  110;  hence,  by  formula  5, 
P  z=z  IE=  .582  X  110  =  64.02  watts    Ans. 

(c)  By  solution  {a),  I  —  .582;  R  —  189;  /  =  1  sec;  hence,  by  the 
formula  J  —  P  Rt,  the  number  of  joules  =  .582  X  .582  X  189  X  1. 
Then,  by  the  formula  B.  T.  U.  =  .0009477/  we  have  B.  T.  U.  =  .0009477 
X  .582  X  .582  x  189  X  1  =  .06067,  or  .0607  B.  T.  U.     Ans. 

(d)  By  solution  {b\  the  lamp  consumes  64.02  watts.     Since  1  H.  P. 

746 
=  746  watts,  then  1  H.P.   will  supply  ^  ^  =  about  12  such  lamps. 

Ans. 

{e)    By   solution  {c),   the  number  of  B.  T.  U.  developed  per  sec. 

=  .0607.     Since  1  B.  T.  U.   =  778  ft. -lb.,  then  .0607  B.  T.  U.  =  .0607 

X  778  =  47.22  ft. -lb.  per  sec.     Ans. 

(/)    Since   1   K.  W.   =  1,000  watts,   then    10  K.  W.  =  10  X  1,000 

=  10,000   watts.     But  by   solution  {b),  1   lamp  requires  64.02  watts; 

10  000 
hence,  10  K.  W.  will  suffice  for  -ttt-t^  =  about  156  such  lamps.     Ans. 

64.  ytii 


EXAMPLES   FOR   PRACTICE 

1.  Find  the  rate  of  doing  work  in  watts  when  a  current  of 
40  amperes  flows  against  a  resistance  of  2J  ohms.  Ans.  4,000  watts 

2.  Express  the  rate  of  doing  work  in  horsepower  units  when  a  cur- 
rent of  electricity  produces  a  loss,  or  drop,  of  potential  of  20  volts  in 
passing  through  a  resistance  of  1  ohm.  Ans.  .5362  H,  P. 

3.  How  many  watts  in  4.5  horsepower  ?  Ans.  8,357  watts 

« 

4.^  The  power  in  an  electric  circuit  is  equivalent  to  4  horsepower. 
If  a  current  of  30  amperes  is  flowing,  what  is  the  electromotive  force 
developed  ?  Ans.  99.4667  volts 

5.  Given  electromotive  force  =  500  volts;  strength  of  current 
—  13  amperes.    Find  the  power  in  horsepower  units.     Ans.  8.713  H.  P. 
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MAGISTETIC  PROPERTIES  OF  IRON 


MAGNETIC    INDUCTION 

32,  When  a  magnetic  substance,  such  as  iron,  is  brought 
into  a  magnetic  field,  so  that  the  magnetic  lines  of  force 
reach  it,  the  substance  immediately  becomes  magnetic.  The 
lines  of  force  appear  to  crowd  together  and  tend  to  pass 
•through  the  magnetic  substance.  The  substance  so  mag- 
netized is  usually,  however,  only  a  temporary  magnet. 
When  it  is  again  removed  from  the  magnetic  field,  its  mag- 
netism usually  disappears.  While  under  the  influence  of  the 
magnetic  field,  however,  it  behaves  as  does  any  magnet,  and 
has  polarity,  which  is  so  distributed  that  its  south  pole  is 
that  pole  where  the  magnetic  lines  enter  it,  while  its  north 
pole  is  in  that  portion  of  the  substance  where  the  magnetic 
lines  leave  it.  The  production  of  magnetism  in  a  magnetic 
substance  in  this  manner  is  called  magrnetic  induction. 
The  production  of  artificial  magnetism  in  a  hardened-steel 
needle  or  bar  by  contact  with  a  lodestone  is  only  a  special 
case  of  magnetic  induction. 


MAGNETIC  CmCUTTS 

23.  The  length  of  a  magrnetic  circuit  represents  the 
average  lengths  of  all  the  lines  of  force  measured  from 
where  they  pass  out  from  the  -north  pole  along  their  circuit 
through  the  surrounding  medium  to  where  they  enter  the 
south  pole,  plus  their  length  in  the  magnet.  In  a  short 
bar  magnet,  the  length  of  the  magnetic  circuit  may  be 
exceedingly  large  and  difficult  to  measure,  because  a  great 
many  of  the  lines  of  force  travel  a  long  distance  through 
the  surrounding  medium  before  entering  the  south  pole. 
In  a  longer  bar,  however,  bent  into  the  shape  of  a  horse- 
shoe, the  lines  of  force  pass  out  from  the  north  pole  and 
enter  the  south  pole  almost  immediately,  thus  making  the 
average  length  of  the  magnetic  circuit  comparatively  short 
and  easy  to  determine. 
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Every  line  of  force  must  form  a  complete  circuit.  Althoug^h 
a  line  may  apparently  leave  the  end  of  a  magnet  and  dis- 
appear in  space  it  must  eventually  return  to  the  opposite 
pole  of  the  same  magnet,  however  far  it  may  go  out  into 
the  surrounding  space. 

In  every  magnetic  field  there  are  certain  stresses  that 
tend  to  produce  a  tension  along  the  lines  of  force  and  a  pres- 
sure across  them;  that  is,  the  magnetic 
lines  tend  to  shorten  themselves  from 
end  to  end,  and  repel  one  another  as 
they  lie  side  by  side. 

S4.     A  nlmple   maarnetlc   circuit 

is  one  composed  of  some  one  magnetic 
substance  having   a  uniform  sectional 
•^o- 1  area  throughout   its   entire  length,  as 

shown  in  Fig.  1,  which  represents  a  simple  ring. 

35,  A  compound  mafrnetlc  circuit  is  a  circuit  in  which 
the  lines  of  force  pass  consecutively  through  several  different 
kinds   of   magnetic    or   non-mag- 
netic  substances,    or  one    whose 

sectional  area  is  not  uniform  in 
size.  Fig.  3  represents  a  com- 
pound magnetic  circuit  in  which 
the  lines  of  force  pass  through 
two  halves  of  an  iron  ring  and 
across  two  air  gaps. 

36.  A  closed  magnetic  cir- 
cuit is  a  circuit  composed  entirely  ""■  * 

of  magnetic  substances,  and  in  which  the  lines  of  force  do 
not  pass  across  an  air  gap.  A  closed  magnetic  circuit  may 
sometimes  be  a  compound  one,  as  would  be  the  case,  for 
instance,  in  Fig.  'i  if  the  air  gaps  there  shown  were  filled 
with  some  magnetic  substance  other  than  iron,  or  even  with 
a  different  quality  of  iron  than  that  of  which  the  ring  itself 
is  composed. 
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27.  The  sectional  area  of  a  magnetic  circuit  at  any 
point  is  the  area  of  a  plane  through  which  the  lines  of  force 
pass,  the  plane  being  taken  perpendicularly  to  their  direc- 
tion at  that  point.  In  a  rectangular  bar  magnet,  the  sec- 
tional area  of  the  magnetic  circuit  at  the  neutral  line  will  be 
the  sectional  area  of  the  bar  at  that  line,  or  the  breadth  of 
the  magnet  multiplied  by  its  thickness. 

The  sectional  area  of  the  magnetic  circuit  outside  the 
magnet  would  be  an  indeterminate  quantity,  because  the 
lines  of  force  spread  apart  and  diverge  in  all  directions 
before  entering  the  south  pole.  But  where  the  lines  of  force 
have  only  a  small  air  gap  to  pass  across,  as  in  Fig.  2,  the 
tendency  to  spread  apart  will  be  less,  and  the  sectional  area 
of  the  magnetic  circuit  may  be  taken  as  the  area  of  the 
polar  face. 

For  example,  the  sectional  area  of  the  magnetic  circuit  in 
a  bar  magnet  .5  inch  wide  by  .25  inch  thick  is  .5  X  .25 
=  .125  square  inch;  that  of  a  round  bar  magnet  1  inch  in 
diameter  is  1'  X  .7854  =  .7854  square  inch,  since  the  area  of 
a  circle  is  equal  to  its  diameter  squared  multiplied  by  .7854. 


MAGNETIC  UNITS 

38.  To  properly  define  the  strength  of  a  magnet  pole, 
a  unit  must  be  adopted-  by  which  this  strength  can  be 
expressed.  By  universal  agreement  a  magnet  pole  having 
unit  strength  is  defined  as  a  pole  that  meets  the  following 
conditions : 

■ 

1.  //  7nust^  tvhen  placed  at  a  distance  ofl  centijucter  from 
a  similar  pole  having  equal  strength^  repel  this  pole  zvith  a 
force  of  1  dyne. 

2.  //  must  when  placed  in  the  center  of  a  sphere  having  a 
radius  of  1  centimeter  send  out  such  a  number  of  lines  of 
force  that  exactly  1  line  of  force  passes  through  every  square 
centimeter  of  the  surface  of  the  sphere, 

29.     Number  of  Mag'netic  Tjliies  per  Unit   Pole. — 

Directly    from   condition   2   of   the    preceding   article   the 
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number  of  magnetic  lines  per  unit  pole  may  be  calculated.  It 
is  there  stated  that  a  sphere  of  1  centimeter  radius  receives 
1  line  of  force  per  square  centimeter  of  surface  when  a  unit 
pole  is  situated  at  its  center.  This  is  equivalent  to  saying 
that  a  unit  pole  has  as  many  magnetic  lines  as  there  are 
square  centimeters  on  the  surface  of  a  sphere  having  a 
radius  of  1  centimeter.  If  a  sphere  has  a  radius  of  1  centi- 
meter, its  diameter  equals  2  centimeters.  The  area  of  the 
surface  of  a  sphere  equals  diameter  squared  times  3.1416; 
hence,  area  of  the  surface  of  this  sphere  equals  2'  X  3.1416 
=  12. 5664,  or  approximately  12. 57  square  centimeters.  But, 
as  stated  before,  the  number  of  square  centimeters  of  surface 
equals  the  number  of  magnetic  lines;  hence,  every  magnet 
pole  of  unit  strength  emits  12.57  magnetic  lines. 

NoTB. — In  this  result,  fractions  of  magnetic  lines  appear.  Such 
fractions  of  magnetic  lines  are  often  obtained  in  calculations.  They 
are  treated  in  the  same  manner  as  are  other  fractions.  Their  signifi- 
cance may  be  made  clear  by  the  following  consideration:  Suppose  we 
have  a  piece  of  cloth  1  inch  wide  and  1  inch  long,  that  is,  1  inch  square. 
Let  us  further  suppose  that,  say,  18  pins  were  stuck  vertically  into 
this  cloth.  We  could  then  say  there  are  13  pins  per  square  inch. 
Assume  now  that  one  of  these  pins  is  removed,  split  lengthwise  in 
half,  and  the  one  half  again  stuck  into  the  cloth.  Now  we  would  say 
that  there  were  only  12 J,  that  is,  12.5  pins  per  square  inch  of  cloth. 
Similarly,  in  the  rule  alxjve,  when  we  speak  of  12.57  magnetic  lines, 
we  mean  that  a  little  over  12J  magnetic  lines  are  sent  out  from  every 
magnet  pole  of  unit  strength. 


MAGNETIC  FLUX 

30.     The  magnetic  flux,  or  quantity  of  magrnetism, 

is  expressed  by  the  total  number  of  magnetic  lines  of  force 
passing  along  the  magnetic  circuit.  In  a  bar  magnet,  for 
instance,  the  magnetic  flux,  or  quantity  of  magnetism, 
would  be  that  number  of  lines  which  pass  through  the  metal 
from  pole  to  pole,  and  which,  if  the  magnet  is  imagined  cut 
through  at  the  neutral  line,  would  pass  through  the  surfaces 
thus  produced. 

The  International  Convention  of  Electrical  Engineers  at 
Paris,  in  1900,  adopted  the  name  maxwell  for  the  unit  of 
magnetic  flux.     It  was  named  after  J,  Clerk  Maxwell,  a.n. 
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Englishman,  who  mathematically  proved  that  electromag- 
netic disturbances,  or  waves,  traveled  with  the  same  velocity 
through  air  as  light  waves.  Hence,  1  maxwell  is  1  line 
of  force.  A  magnetic  field  through  which  50,000  lines  of 
force  pass  may  be  defined  as  a  field  having  a  strength  of 
50,000  maxwells.  By  universal  custom  the  capital  Greek 
letter  phi  (^),  pronounced  fi,  is  now  being  used  to  denote 
magnetic  flux. 

31.  Magnetic  Density. — If  the  sectional  area  of  a  bar 
magnet  is  divided  into  unit  areas,  for  instance  square  centi- 
meters, then  the  number  of  magnetic  lines  passing  through 
each  such  unit  area  is  termed  the  niag:netie  density,  or 
the  flux  density,  in  the  substance.  Magnetic  density  is, 
therefore,  the  number  of  lines  of  force  passing  through  a 
unit  area  measured  perpendicularly  to  their  direction.  The 
word  induction  is  used  by  some  writers  to  signify  magnetic 
density,  but  it  is  not  so  suggestive  and  hence  not  so  desir- 
able a  term.  The  length  of  the  magnetic  circuit  does  not 
affect  the  magnetic  density  in  that  circuit  as  long  as  the 
total  number  of  lines  of  force  remains  unchanged. 

When  every  square  inch  of  the  sectional  area  of  a  mag- 
netized substance  has  exactly  the  same  number  of  lines  of 
force  passing  through  it,  the  magnetic  density  is  said  to 
be  uniform.  When  this  is  not  the  case,  the  density  is  said 
to  be  non-uniform. 

33.  Unit  of  Magrnetic  Density. — At  the  Paris  Conven- 
tion already  mentioned,  the  name  ^aiiss  was  adopted  as  the 
name  for  the  unit  of  magnetic  density,  or  flux  density. 
Hence,  1  gauss  is  1  line  of  force  per  square  centimeter,  and 
consequently  4,000  lines  of  force  per  square  centimeter 
would  be  4,000  gausses.  These  names  for  two  of  the  C.  G.  S. 
magnetic  units,  in  spite  of  the  fact  that  they  have  been 
adopted  by  an  International  Convention  of  Electrical  Engi- 
neers, are  not  yet  extensively  used.  Lines  of  force  and 
lines  per  unit  sectional  area  are  just  about  as  convenient 
and  more  generally  recognized  than  maxwells  and  gausses. 
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Since  a  unit  magnet  pole  is  supposed  to  send  1  line  of 
force  through  every  square  centimeter  of  the  surface  of  a 
sphere  having  a  radius  of  1  centimeter,  then  it  follows  that 
the  unit  of  magnetic  density  is  1  line  of  force  per  square 
centimeter,  or  1  gauss.  Since  1  square  inch  equals 
6.45  square  centimeters,  a  density  of  6.45  lines  of  force  per 
square  inch  is  equivalent  to  a  density  of  1  line  of  force  per 
square  centimeter.  Unit  magnetic,  or  flux,  density  may, 
therefore,  be  defined  as  a  density  of  6.45  lines  of  force  per 
square  inch.  Unit  flux  density  may  also  be  defined  as 
6.45  maxwells  per  square  inch.  Since  the  gauss  is  the  name 
for  the  C.  G.  S.  unit  of  flux  density,  that  is,  1  line  of  force 
per  square  centimeter,  then  a  magnetic  density  of  35,000  lines 

per  square  inch  would  be  equivalent  to       '         gausses,  or 

6.45 

C.  G.  S.  units  of  magnetic  density. 

33.  The  magnetic  density,  or  number  of  lines  of  force 
per  unit  area,  is  evidently  equal  to  the  total  number  of  lines 
of  force  passing  through  the  magnetic  circuit  divided  by 
the  sectional  area  of  the  magnetic  circuit. 

Hence  we  have  the  formula 

(B  =  _  or  B  =  -;j,  (16) 

in  which  ^  =  total  number  of  lines  of  force  in  the  mag- 
netic circuit  in  both  cases ; 
(B  =  magnetic  density  per  square  centimeter ; 
A^  =  sectional  area   of   the   magnetic   circuit    in 

square  centimeters; 
B  =  magnetic  density  per  square  inch; 
A   =  sectional    area   of    the   magnetic  circuit    in 
square  inches. 

As  far  as  practical,  the  French  script  letters,  such  as  (B 
and  3C,  and  ordinary  letters  followed  by  a  prime  mark  ("') 
will  be  used  when  the  dimensions  are  given  in  centimeters, 
and  the  full-block  letters,  such  as  B  and  H,  when  the  dimen- 
sions are  given  in  inches. 
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When  the  sectional  area  of  the  magnetic  circuit  is 
expressed  in  square  centimeters,  the  first  expression  in  for- 
mula 16  is  used.  From  this  expression  it  follows  that  the 
magnetic  density  in  lines  of  force  per  square  centimeter  is 
obtained  by  dividing  the  total  number  of  lines  of  force  by  the 
sectional  area  of  the  magnetic  circuit  in  square  centimeters. 

When  the  sectional  area  of  the  magnetic  circuit  is 
expressed  in  square  inches,  the  second  expression  in  for- 
mula 16  is  used.  From  this  expression  it  follows  that  the 
magnetic  density  in  lines  of  force  per  square  inch  is  obtained 
by  dividing  the  total  number  of  lines  of  force  by  the  sec- 
tional area  of  the  magnetic  circuit  in  square  inches. 

For  example,  after  measuring  the  magnetism  in  a  straight 

bar   magnet   ^   inch   square  and  of   any  length,  the    total 

amount  of  magnetism  at  the  neutral  line  is  found  to  be 

25,000  lines  of  force.     The  magnetic  density  in  the  bar  is, 

0         25  000 
therefore,  by  formula  16,  B  =  -j  =  V — k  =   100,000  lines 

of  force  per  square  inch.  This  is  equivalent  to  saying  that 
100,000  lines  of  force  would  pass  through  the  magnet  if  its 
sectional  area  were  increased  to  1  square  inch  and  the  lines 
of  force  were  increased  in  the  same  proportion. 

The  total  magnetism  in  a  horseshoe  magnet  made  of  a  bar 
of  iron  IJ  centimeters  square  is  13,500  lines  of  force.  The 
magnetic  density  in  the  bar  is,  therefore,  by  formula  16, 

(P  23  500 

(B  =  -j7  =  r-r-^ — — —  =  6,000    lines    of    force   per    square 

ui  1. 0    X    I'd 

centimeter.  That  is,  6,000  lines  of  force  would  pass  through 
the  magnet  if  its  sectional  area  were  reduced  to  1  square 
centimeter,  and  the  lines  of  force  were  reduced  in  the  same 
proportion. 

34,  The  total  number  of  lines  of  force  in  a  magnetic 
circuit,  when  the  sectional  area  of  the  magnetic  circuit  and 
the  magnetic  density  at  that  section  are  known,  can  be 
found  by  putting  formula  16  in  the  following  form: 

^  =  (&x  A' 
or  ^  =  B  X  ^ 

'43—13 
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That  is  to  say,  the  total  number  of  lines  of  force  in  a 
magnetic  circuit  is  obtained  by  multiplying  the  sectional 
area  in  square  centimeters  by  the  magnetic  density  per 
square  centimeter,  or  by  multiplying  the  sectional  area  in 
square  inches  by  the  magnetic  density  per  square  inch. 

Example  1. — In  a  certain  part  of  a  magnetic  circuit  the  cross-section 
is  .75  inch  by  .5  inch,  and  the  magnetic  density  at  that  point  is 
50,000  lines  of  force  per  square  inch ;  find  the  total  number  of  lines  of 
force  in  the  magnetic  circuit. 

Solution. — The  sectional  area  of  the  magnetic  circuit  is  -4  =  .75 
X  .5  =  .875  sq.  in.  By  formula  16,  the  total  number  of  lines  of 
force  =  *  =  ^  B  =  .875  X  50,000  =  18,750  lines  of  force.    Ans. 

Example  2. — The  cross-section  of  a  magnetic  circuit  is  a  circle 
1.5  centimeters  in  diameter,  and  the  magnetic  density  is  8,000  lines  of 
force  per  square  centimeter;  find  the  total  number  of  lines  of  force 
passing  through  the  circuit. 

Solution.— Sectional  area  =  ^'  =  1.5*  X  .7854  =  1.76715  sq.  cm. 
By  formula  16,  the  total  number  of  lines  of  force  =  #  =  1.76715 
X  3,000  =  5.301.     Ans. 


EXAMPLES   FOR  PRACTICE 

1.  Find  the  magnetic  density  in  a  round  bar  magnet  \  inch  in 
diameter  when  3,927  lines  of  force  pass  through  it. 

Ans.  20,000  lines  of  force  per  sq.  in.,  or  20,000  maxwells  per  sq.  in. 

2.  Find  the  magnetic  density  in  a  bar  magnet  2  centimeters  wide 
by  .75  centimeter  thick,  w^hen  9,000  lines  of  force  pass  through  it. 

Ans.  6,000  lines  of  force  per  sq.  cm.,  or  6,000  gausses 

3.  The  magnetic  density  in  a  bar  magnet  .25  inch  wide  by  .4  inch 
thick  is  34,500  lines  of  force  per  square  inch;  find  the  total  number  of 
lines  of  force  passing  through  the  magnet. 

Ans.  3,450  lines  of  force,  or  3,450  maxwells 


MAGNETIC    PERMEABILITY 

35.  If  there  is  a  magnetic  field  in  air,  or  other  non- 
magnetic substance,  produced  by  a  solenoid,  a  permanent 
magnet,  or  otherwise,  there  will  be  a  certain  number  of 
lines  of  force  threading  through  each  unit  sectional  area. 
The  number  of  lines  of  force  per  square  centimeter  in  air  is 
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usually  denoted  by  the  letter  30  and  is  called  the  magnet- 
izing force^  the  density  in  air^  or  the  field  density.  The 
name  adopted  for  the  unit  magnetizing  force  is  the  gauss. 
Since  1  line  of  force  per  unit  area  is  taken  as  the  unit,  the 
magri^etizlng:  force  may  be  defined  as  the  number  of  lines 
of  force  passing  across  a  unit  sectional  area  of  the  field, 
this  sectional  area  always  being  normal  to  the  lines  of  force. 
In  a  uniform  field,  in  air,  or  other  non-magnetic  substance, 
the  magnetizing  force  is  the  number  of  lines  of  force  per 
unit  area.  In  a  non-uniform  field  the  magnetizing  force 
may  be  considered  as  the  average  number  of  lines  of  force 
per  unit  area. 

Now,  if  a  magnetic  substance,  such  as  soft  iron,  is  placed 
in  a  magnetic  field,  it  is  a  well-known  fact  that  the  magnet- 
ism in  the  iron  is  much  more  intense  than  was  the  mag- 
netic field  in  the  same  space  before  the  iron  was  introduced; 
that  is,  there  are  a  great  many  more  lines  of  force  per  unit 
area  in  the  iron  than  in  the  same  space  before  the  iron  was 
introduced.  If  a  piece  of  soft  iron  is  inserted  in  the  mag- 
netic circuit  of  a  solenoid,  the  number  of  lines  of  force 
will  usually  be  greatly  increased  and  the  iron  will  become 
highly  magnetized.  A  magnetic  substance  is  therefore  a 
better  conductor  of  magnetism  than  air  or  any  other  non- 
magnetic substance,  and  it  is  said  to  be  more  permeable 
than  air. 

The  facility  afforded  by  any  substance  to  the  passage 
through  it  of  lines  of  force  is  called  its  magrnetlc  permea- 
bility, or,  simply,  its  permeability.  The  permeability  of 
air  is  taken  as  1,  and  that  of  soft  iron  may  be  2,000,  or  even 
greater. 

36.  If  we  denote  by  JC  the  density  in  air,  that  is,  the 
number  of  the  lines  of  force  per  unit  area  in  the  air  space 
before  iron  is  introduced,  and  by  (R  the  density  in  the  iron 
after  it  is  placed  in  the  same  space  where  the  density  in  air 
was  previously  JC,  then  the  ratio  between  (B  and  JC,  that 

is,  -  ,  is  the  magnetic  permeability  of  the  iron.     Hence,  if 
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we  denote  the  permeability  by  the  Greek  letter  //  (pro- 
nounced ;////),  which  is  customarily  used  for  this  purpose,  we 
have  the  formula 

^  "  5c'  ^^  ^  "  H         ^  ^ 

/i  will  have  exactly  the  same  value  calculated  from  either 
formula.  By  certain  electrical  measurements  and  calcula- 
tions, which  will  be  described  in  another  section,  the  mag- 
netizing force  3C  or  H,  the  resulting  magnetic  density  (B 
or  B  in  iron  and  its  permeability  fji  can  be  determined.  A 
little  further  on  we  will  explain  how  the  magnetizing  force 
may  be  calculated.  There  is  no  name  for  unit  permeability, 
hence  we  can  merely  say  that  a  certain  specimen  of  iron 
has,  for  instance,  a  permeability  of  1,520,  which  means  that 
its  permeability  is  1,520  times  greater  than  that  of  air. 

Example. — The  permeability  of  a  piece  of  steel  is  850  when  the 
magnetic  density  is  59,500  lines  of  force  per  square  inch;  find  the  field 
density  required  to  produce  that  magnetic  density. 

B       59  500 
Solution. — From  formula  17  we  obtain  H  =  —  =  —^'-7,—  =  70  lines 

{i         850 

of  force  per  sq.  in.     Ans.  

EXAMPLE  FOR  PRACTICE 

The  magnetizing  force  acting  on  a  piece  of  iron  is  600,  and  the 
magnetic  density  produced  is  54,300  lines  of  force  per  square  inch;  find 
the  permeability  at  that  stage  of  magnetization. 

Ans.  Permeability  =  90.5 

37.  The  conductance  of  a  conductor,  if  its  temperature 
remains  constant,  does  not  depend  on  the  strength  of  the 
current  flowing  through  it,  but  the  permeability  /^  of  a  mag- 
netic substance  does  depend  on  the  degree  to  which  it  is  mag- 

netized,  as  will  be  shown  presently ;  that  is,     -  has  not  the 

same  value  for  different  degrees  of  magnetization  even  in 
the  same  piece  of  iron.  By  this  we  mean  that  if  3C  is 
doubled,  it  does  not  follow  that  (B  is  also  doubled  in  value. 
In  order  to  calculate  /i,  we  must  determine  experimentally 
the  value  of  the  magnetic  density  (B  produced  in  the  iron 
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by  each  particular  magnetizing  force  3C;  because  a  given 

increase  or  decrease  in  the  values  of  3C  will  not  always 

produce  the  same  proportional  increase  or  decrease  in  the 

value  of  (B. 

For  example,  when  a  certain  piece  of  iron  was  placed  in  a 

field  where  there  previously  existed  53  lines  of  force  per 

square  inch  in  air,  it  was  found  that  there  were  60,000  lines 

of  force  per  square  inch  in  the  iron,  giving  a  permeability 

-  B         60,000         ^  ^^^      „-,         , 
^^  u  ~  — Ko —  —   1,132.     When,  however,  the  same  piece 

of  iron  was  placed  in  a  field  where  there  existed  106  lines  of 
force  in  air  (double  the  previous  number),  it  was  found  that 
there  were  82,500  lines  of  force  per  square  inch  in  the  iron, 

giving  a  permeability  of  fj  =      ■,'         =  778.     Hence,  we 

see  that  the  permeability  of  the  same  piece  of  iron  was 
different  for  the  two  different  values  of  the  magnetizing 
force  H,  and  furthermore,  it  did  not  change  in  proportion  to 
the  change  in  either  H  or  B.  In  fact,  the  permeability  has 
a  different  value  for  every  value  of  H,  increasing  up  to  a 
certain  point  as  the  magnetizing  force  increases. 

38.  Magnetic  Saturation. — In  all  kinds  of  magnetic  sub- 
stances, the  permeability  decreases  when  the  magnetization 
is  increased  beyond  the  point  just  mentioned.  As  the  mag- 
netization increases  beyond  this  point,  the  permeability  con- 
tinues to  decrease  and  the  substance  approaches  a  certain 
limit  of  magnetization  called  magnetic  saturation;  that  is, 
the  substance  becomes  saturated  with  magnetism.  A  limit 
is  never  reached  where  perfect  saturation  takes  place,  but 
there  is  a  limit  beyond  which  it  becomes  impracticable  to 
magnetize  the  substance. 

The  practical  saturation  point  in  wrought  iron,  soft 
annealed  sheet  iron,  and  cast  steel  is  between  110,000  and 
130,000  lines  of  force  per  square  inch.  Hence,  in  these 
metals,  B  may  have  any  value  from  0  to  130,000.  In  gray 
cast  iron  the  practical  saturation  limit  is  from  60,000  to 
70,000  lines  of  force  per  square  inch. 
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The  magnetizing  force  H  is  very  seldom  carried  beyond 
1,500,  and,  therefore,  H  may  have  any  value  between  0 
and  1,500. 

39,  Before  designing  an  electromagnet  for  any  purpose, 
it  is  necessary  to  know  the  magnetic  properties  of  the  par- 
ticular quality  of  iron  to  be  used  in  the  core,  in  order  to  be 
able  to  find  its  permeability  at  different  stages  of  magnetiza- 
tion and  its  saturation  limit.  Tests  are  taken  on  small  sam- 
ples of  the  metal  by  electrical  instruments,  and  the  values 
of  B,  H,  and  //  are  calculated  from  the  readings  of  the  instru- 
ments. As  these  tests  require  delicate  instruments  and  a 
large  number  of  careful  measurements,  it  is  customary  to 
consult  the  results  taken  in  some  laboratory  on  an  average 
quality  of  iron  and  its  alloys.  The  results  given  in  Table  II 
have  been  found  to  agree  very  closely  with  the  iron  and  steel 
ordinarily  used  in  dynamos,  motors,  and  other  electrical 
apparatus. 

Table  II,  which  is  very  complete,  may  require  a  little 
explanation.  It  will  be  seen  that  the  magnetic  density  is 
given  both  in  square  centimeters  (B  and  in  square  inches  B, 
and  the  corresponding  values  of  the  field  density  for  the 
four  magnetic  materials  are  also  given  in  square  centi- 
meters JC  and  in  square  inches  H.  There  is  also  given  for 
each  material  the  permeability,  which  is  the  same,  of  course, 
whether  the  densities  in  square  centimeters  or  in  square  inches 
are  used  in  computing  it,  since  it  is  merely  a  ratio  between 

the  field  and  magnetic  densities,  and, hence,  M  =^  ^  ==  u- 

For  instance,  if  cast  steel,  unannealed,  with  dimensions  in 
centimeters,  is  to  be  used  in  designing  an  electromagnet, 
the  corresponding  values  of  (B,  JC,  and  /i  will  be  found  in 
columns  1,  8,  and  12.  If  the  dimensions  are  given  in  square 
inches,  then  the  proper  values  to  use  will  be  found  in 
columns  2,  9,  and  12. 

If  we  desire  to  have  a  flux  or  magnetic  density  B  of  30,000 
lines  of  force  per  square  inch  (see  column  2),  we  find  that 
this  would  require  for  cast  steel  a  magnetizing  force,   or 
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fielH  density,  of  35  lines  of  force  per  square  inch;  the  latter 
figure  being  given  on  the  same  line  as  the  figure  30,000,  but 
in  column  9.  If  the  dimensions  are  given  in  centimeters, 
and  we  desire  to  have  the  same  density  in  the  steel  as  above, 
we  find  that  30,000  lines  per  square  inch  B  (column  2)  is 
equivalent  to  4,650  lines  per  square  centimeter  (B,  which  is 
given  on  the  same  line  in  column  1,  and  the  corresponding 
required  value  of  the  field  density  per  square  centimeter  JC 
is  given  on  the  same  line  in  column  8.  If  another  one  of 
the  four  materials  given  is  to  be  used,  the  columns  from 
which  to  obtain  the  proper  values  are  determined  in  a  simi- 
lar manner.  The  columns  headed  ampere-turns  will  be 
considered  later. 

40.  Since  no  two  pieces  of  the  same  kind  of  iron  or  other 
magnetic  substance,  even  from  the  same  factory,  are  likely 
to  have  exactly  the  same  magnetic  qualities,  it  is  impossible 
to  give  a  table  of  values,  or  a  curve,  that  will  apply  to  every 
piece  of  wrought  iron,  or  one  that  will  apply  to  every  piece 
of  cast  iron,  or  to  every  piece  of  steel ;  in  fact,  the  magnetic 
qualities  vary  so  much  that  each  sample  should  be  separately 
tested  and  its  qualities  determined  for  very  exact  work;  but 
tables  giving  the  values  of  the  magnetic  properties  of  an 
average  piece  of  wrought  iron,  cast  iron,  sheet  iron,  and 
mild  steel  are  generally  exact  enough  for  most  calculations 
made  in  designing  electromagnets  and  dynamo-electric 
machinery.  The  student  must  not  expect  any  two  tables  or 
curves  to  agree  exactly,  since  no  two  pieces  of  iron  neces- 
sarily have  exactly  the  same  magnetic  qualities.  The  mag- 
netic qualities  vary  with  the  quality  and  kind  of  elements 
other  than  iron  that  are  present,  and  depend,  moreover,  on 
whether  the  foreign  elements  are  mechanically  mixed  or 
chemically  combined  with  the  iron.  Hence,  there  is  no  end  to 
the  number  of  different  tables  of  magnetic  qualities  that  can 
be  obtained  for  the  various  grades  of  iron  and  steel. 

The  effect  of  annealing  magnetic  materials  is  to  increase 
their  permeability  at  low  stages  of  magnetization.  In  prac- 
tice, however,  it  is  found  most  economical  to  magnetize  cast 
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steel  above  75,000  lines  of  force  per  square  inch,  and  at  such 
stages  of  magnetization  annealing  has  practically  no  effect 
on  its  permeability. 

The  figures  given  in  Table  II  for  sheet  iron,  annealed,  are 
the  results  of  a  test  taken  on  pieces  cut  from  sheets  .014  inch 
thick,  of  soft-annealed  charcoal  iron  of  average  quality.  An 
average  quality  of  wrought-iron  forgings  was  used  in  the  test 
from  which  the  results  for  that  material  were  determined. 

The  peculiarities  of  the  various  materials  should  be  care- 
fully noted.  For  example,  it  will  be  seen  that  at  all  stages  of 
magnetization,  cast  iron,  since  it  requires  the  largest  mag- 
netizing force  for  any  given  magnetic  density,  is  vastly 
inferior  to  any  one  of  the  other  three  metals.  To  produce  a 
density  of  40,000  lines  of  force  per  square  inch  in  cast  iron 
requires  that  H  =  262 ;  whereas,  in  cast  steel  at  the  same 
density,  H  =  43,  which  indicates  that  at  this  density  cast 
iron  would  require  262  -r-  43,  or  about  6  times  as  much  mag- 
netizing force  as  would  be  required  for  cast  steel.  There- 
fore, other  things  being  equal,  it  would  be  more  economical 
to  use  cast  steel  rather  than  cast  iron  for  magnetic  purposes. 


CUKVES  OF  MAGNETIZATION 
#. 

41,  The  most  convenient  way  of  representing  the  mag- 
netic qualities  of  iron  and  other  magnetic  substances  is  to 
plot  curves  of  magnetization  and  permeability  on  cross-sec- 
tion paper.  On  one  sheet  are  plotted  magrnctization 
curves,  which  indicate  the  relation  of  the  magnetizing 
force  H  to  the  magnetic  density  B;  on  the  other  sheet  are 
plotted  the  resulting  permeability  curves,  which  indicate 
the  relation  of  the  permeability  //  to  the  magnetic  density  B. 

Suppose  that  we  find  by  actual  measurement  that  there 
are  10,000  lines  of  force  B  passing  through  each  square  inch 
of  cross-section  of  an  iron  rod  when  the  magnetizing  force  H 
is  16;  that  there  are  20,000  lines  of  force  per  square  inch  B 
when  H  =  23,  etc.,  as  given  in  columns  2  and  4  in  Table  II. 
Then  it  is  evident  that  B  has  increased  from  10,000  to  20,000 
when  H  increased  from  16  to  23;  hence,  it  is  apparent  that 
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B  and  H  have  not  increased  at  the  same  rate,  and  it  requires 
in  such  cases,  where  two  related  quantities  as  B  and  H  do 
not  vary  proportionally,  to  plot  a  curve  in  order  to  show  the 
manner  in  which  the  relative  values  change  and  also  in  order 
to  determine  intermediate  values.  For  instance,  wc  must 
plot  a  curve  showing  the  relation  between  B  and  H  in  order 
to  determine  the  value  of  B  when  H  =  175,  because  we  did 
not  (and  perhaps  could  not)  measure  the  value  of  B  exactly 
corresponding  to  H  =  175.  By  means  of  a  good  curve, 
however,  we  can  determine  the  value  of  B  quite  accurately. 
This  curve  is  made  by  experimentally  measuring,  or  deter- 
mining in  some  way,  the  actual  values  of  B  corresponding  to 
a  series  of  values  of  H,  such  as  are  given  in  columns  2  and  4, 
Table  II,  for  instance. 

In  order  to  avoid  the  tedious  measurements  and  the  erec- 
tion of  perpendicular  lines  for  each  value,  cross-section 
paper,  as  shown  in  Fig.  3,  is  used.  The  lines  are  usually 
near  enough  together  for  all  practical  purposes.  The  cross- 
section  paper  should  be  divided  into  squares  of  about  ^  inch, 
or  about  1  centimeter,  on  a  side,  although  it  will  be  more 
accurate  if  these  squares  are  still  further  divided  into  smaller 
ones  iV  ^^ch  or  ^  centimeter  on  a  side.  The  sheets  should 
be  at  least  7^  inches  wide  by  9^  inches  high.  Although 
some  cross-section  paper  is  more  desirable  than  others, 
nevertheless  most  any  cross-section  paper,  if  large  enough, 
will  answer  the  purpose. 

The  horizontal  distances  are  called  abscissas,  and  are 
indicated  by  numbers  placed  in  the  margin  either  above  or 
i)elow  the  chart.  The  abscissa  of  any  point  on  a  curve  is  its 
horizontal  distance  from  the  zero,  or  in  this  case,  from  the 
extreme  left-hand  vertical  line.  The  vertical  distances  are 
called  oi*cllnates,  and  are  represented  by  numbers  placed  in 
the  margin  either  on  the  right-hand  or  left-hand  side  of  the 
chart.  The  ordinate  of  any  point  on  a  curve  is  its  vertical 
distance  above  or  below  the  zero,  or  in  this  case,  the  vertical 
distance  .above  the  lowest  horizontal  line.  The  terms 
abscissa  and  ordinate,  therefore,  express  clearly  which  set 
of  divisions,  the  horizontal  or  vertical,  is  referred  to. 


34 


THE  MAGNETIC  CIRCUIT 


§4 


43.  On  the  sheet  for  the  magnetization  curves,  Fig.  3 
(reduced),  the  abscissas  represent  the  different  values  of  H, 
and  each  division  represents  50  H.  Starting  with  the 
ex^eme    left-hand   vertical    line    as    zero,   the   remaining 
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vertical  lines,  which  start  from  the  lower  horizontal  line, 
are  numbered  consecutively  in  units  of  50. 

The  ordinates  represent  the  different  values  of  the  mag- 
netic density  B,  and  each  division  represents  5,000  B. 
Starting   with   the    bottom    line    as    zero,   the   remaining 
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horizontal  lines,  that  start  from  the  extreme  left-hand  ver- 
tical line,  are  numbered  consecutively  in  units  of  6,000.  In 
Fig.  4  are  shown  similar  curves,  plotted  with  field  densities  5C 
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and  flux  densities  (B  per  square  centimeter  as  abscissas  and 
ordinates,  respectively. 

On  the  sheet  for  the  permeability  curves.  Fig.  5  (reduced), 
the  abscissas  represent  the  different  values  of  //,  each 
division  representing  100  pi.  Starting  with  the  extreme 
left-hand  line  as  zero,  the  divisions  along  the  lower  hori- 
zontal line  are  numbered  consecutively  in  units  of  100.  The 
ordinates    represent    the   different   values   of    B,   and    are 
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numbered   as  des(M-ibe(I    for   B  on   the   sheet    for   magnet- 
ization curves. 

43.     Method  of  Plotting  Curves. — In  the  first  set  of 
readings  on  cast  iron,  columns  2  and  19,  in  Table  II,  H  =  64 


Acrwx^i^ 

140000 

■  ^^r^^^^V^ 

— — 

tsoooo 

1 

L 

— 

120000 

V 

m  ^r\r^^\^\^ 

N 

\ 

110000 

\ 

\ 

\> 

\ 

100000 

V 

\ 

V 

L 

\ 

N 

\ 

ooooo 

> 

s^ 

\ 

V 

%W\^\^^^\f 

v 

N 

N 

V 

80000 

B. 

\ 

V 

N 

\ 

\ 

\ 

^ 

^ 

^ 

700O0 

\ 

N 

^v 

1^— k. 

\ 

\ 

N 

80000 

1 

> 

^s 

V 

^ 

s 

^ 

^ 

s 

<« 

\ 

^ 

\ 

60000 

L, 

\l 

\ 

"^ 

v 

v 

J.s 

1 

1 

> 

i 

dOOOO 

\ 

fk 

1 

h 

r 

wv\^vv 

\ 

A    . 

/„^ 

J 

,5^ 

; 

30000 

\ 

o 

/ 

r 

y 

<* 

• 

A 

%^\^\^\^\^ 

■s 

J 

Q 

/ 

/ 

y 

4 

ii 

20OOO 

/ 

4 

r 

^ 

^ 

^T 

^f\^\^\^^^ 



/ 

/ 

,<c! 

i!^ 

1 

'^ 

> 

10000 

/ 

'^ 

y 

^ 

OV' 

V 

,  ^ 

h 

y 

^ 

— 

- 

- 

.  —  . 

0 

i 

k 

200  40O    600   SOO  t00012O0  I400  1600  1S002O0022OO 

Pig.  5 

and  B  =   10,000.       To  locate    the    first   point,  having   an 
abscissa  =  G4  and  an  ordinate  =  10,000,  on  the  curve  for 
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cast  iron,  Fig.  3,  follow  up  the  extreme  left-hand  vertical 
line  until  the  second  division,  which  is  marked  10,000,  is 
reached,  this  being  the  value  of  B  for  H  =  64.  Now  follow 
this  third  horizontal  line,  which  represents  B  =  10,000, 
until  a  point  is  reached  that  represents  64  horizontal  divi- 
sions. This  point  will  be  exactly  ^'^V  ^^  ^  divisions  (2  hori- 
zontal divisions  =  100  H)  laid  off  along  the  horizontal 
line,  and  it  will  occur,  as  shown,  a  little  to  the  right  of  the 
vertical  line  that  represents  60  H.  This  distance  to  the 
right  of  the  vertical  line  representing  60  H  is  between  one- 
third  and  one-fourth  of  one  horizontal  division.  For  y^^- 
—  ^5^0^  =  ^^4^  of  2  divisions  or  ^^  of  1  division,  which  is 
greater  than  one-fourth  and  less  than  one-third  of  1  divi- 
sion. Hence,  to  locate  the  point,  estimate  a  distance  nearly 
one-third  of  a  division  from  the  second  vertical  line,  which 
represents  60  H.  Perhaps  a  better  way,  especially  when 
many  curves  are  to  be  plotted  and  considerably  used,  is  to 
make  all  estimations  in  tenths  and  not  in  thirds,  fourths, 
etc.  For  instance,  the  first  point  would  be  -J^f  =  .28,  or 
approximately  three-tenths  of  1  division,  to  the  right  of  the 
second  vertical  line.  After  some  practice,  tenths  of  a  divi- 
sion can  be  estimated  about  as  accurately  as  thirds,  fourths, 
and  sixths. 

A  heavy  dot  (.),  or  a  fine  cross  (x)  placed  at  the  point 
so  located' will  represent  the  corresponding  values  of  B  and 
H  for  the  first  readings.  The  remaining  readings  in  col- 
umns 2  and  19,  Table  II,  are  plotted  in  a  similar  manner, 
and  afterwards  all  the  dots  are  joined  together  by  one  long 
smooth  curve.  All  the  intermediate  values  of  H  and  the 
corresponding  values  of  B  are  now  indicated  by  the  curved 
line.  This  curve  will  enable  one  to  determine  the  value  of 
B  corresponding  to  any  value  of  H  between  zero  and  its 
highest  value.  For  example,  in  the  magnetization  curve  for 
cast  iron,  where  H  is  360,  the  corresponding  value  of  B  is 
about  46,000  lines  of  force  per  square  inch. 

In  many  cases,  in  fact  in  the  majority  of  cases,  the  corre- 
sponding values  of  B  and  H  are  so  very  different  that  we 
cannot  use  the  same  scale  for  both ;  that  is,  we  cannot  let 
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1  division  represent  a  flux  density  of  60  lines  of  force  per 
square  inch  as  well  as  a  field  density  of  50  lines  of  force  per 
square  inch,  because  it  would  require  such  an  inconvenient 
size  and  shape  for  the  piece  of  paper  on  which  the  curve  is 
plotted.  Hence,  we  use  any  convenient  unit  for  H  and  any 
other  convenient  unit  for  B.  In  this  figure,  1  division  in  a 
horizontal  direction  represents  a  field  density  of  50  lines  of 
force  per  square  inch,  whereas  1  division  in  a  vertical  direc- 
tion represents  a  flux  density  of  5,000  lines  of  force  per 
square  inch.  The  same  method  is  used  for  plotting  the  rest 
of  the  magnetization  curves  in  Figs.  3  and  4  and  the  permea- 
bility curves  in  Fig.  5. 


HYSTKRESIS 

44,  When  the  magnetism  of  an  electromagnet  is  rapidly 
reversed,  that  is,  when  the  direction  of  the  lines  of  force  is 
suddenly  changed  several  times  in  rapid  succession  by 
changing  the  direction  of  the  magnetizing  current,  the  iron 
or  si  eel  becomes  heated,  and  a  certain  amount  of  energy 
will  be  expended.  This  effect  is  due  to  a  kind  of  internal 
magnetic  friction,  by  reason  of  which  the  rapid  changes  of 
magnetism  cause  the  iron  to  grow  hot.  This  effect  is  called 
liysteresls. 

If  we  have  a  piece  of  iron  that  is  perfectly  neutral,  that 
is,  contains  no  residual  magnetism  whatever,  and  magnetize 
it  by  starting  a  current  flowing  in  a  coil  surrounding  the 
iron,  the  magnetism  or  magnetic  density  (B  will  increase  as 
we  increase  the  magnetizing  force  3C  by  increasing  the  cur- 
rent. The  curve  Oa,  Fig.  6,  shows  how  (B  increases  as  5C  is 
increased,  the  iron  being  originally  in  a  neutral  magnetic 
condition.  If,  when  the  magnetizing  force  JC  reaches  its 
maximum  value  6?;//,  it  is  gradually  decreased  to  zero,  that 
is,  the  current  is  decreased  to  a  very  small  value  and  then 
the  circuit  opened,  the  magnetic  density  (B  will  decrease 
along  the  curve  a  b.  Evidently  the  magnetism  has  not 
decreased  along  the  same  curve  as  when  it  increased.  The 
magnetic   substance    resists    any   change    in    its   magnetic 
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condition,  and  the  magnetism  seems  to  lag  behind  the  mag- 
netizing force.  Magnetic  hysteresis  is  often  defined  as 
the  tendency  of  a 
magnetic  sub- 
stance to  persist  in 
any  magnetic  state 
that  it  may  have 
acquired.  It 
should  be  noticed 
at  the  point  b  that 
although  3C  equals 
zero,  (B  has  a  value 
of  about  9,000  lines 
per  square  centi- 
meter. This  repre- 
sents the  residual 
magnetism  after 
the  iron  has  been 
magnetized  to  a 
maximum  density 
of  about  11,200 
lines  per  square 
centimeter  and  the 
magnetizing  force 
then  removed. 


46.     If  the  cur- 
rent is  started  and 
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increased  gradually  in  the  reverse  direction,  the  magnetizing 
force  being  thereby  also  reversed  in  direction,  the  magnetism 
will  first  decrease  from  ^,  where  it  is  about  -|-9,000,  to  r, 
where  it  is  zero.  At  the  point  c,  3€  has  a  negative  value  of 
about  1.8,  and  the  iron  possesses  no  magnetism,  in  spite  of 
the  fact  that  a  magnetizing  force  of  —1.8  is  acting  on  it. 
This  negative  magnetizing  force  that  is  necessary  to  com- 
pletely demagnetize  a  piece  of  iron  is  called  its  coercive 
force.  Hence,  the  coercive  force  may  be  defined  as  the 
reverse  magnetizing  force  necessary  to  completely  remove 
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the  residual  magnetism  previously  existing  in  a  piece  of 
magnetic  material.  The  magnitude  of  the  coercive  force 
will  depend  not  only  on  the  magnetic  quality  of  the  iron, 
but  also  on  the  maximum  flux  density  to  which  the  material 
was  magnetized  the  last  time. 

If  the  magnetizing  force  is  gradually  and  continuously 
increased  in  the  negative  direction  until  its  strength  is  equal 
to  its  previous  maximum  positive  value,  the  flux  density 
will  increase  in  a  negative  direction  along  the  curve  ^^  until 
its  maximum  negative  value  is  about  the  same  as  its  previous 
maximum  positive  value.  The  small  loop  xy  will  be 
explained  presently  and  need  not  now  be  considered  as 
existing  at  all.  If  the  magnetizing  force  is  decreased  from 
its  value  at  d  to  zero,  the  magnetic  density  will  decrease  to 
a  value  0  e^  and  if  the  magnetizing  force  is  then  reversed  in 
direction  and  increased  to  a  value  Of^  the  magnetic  density 
will  be  reduced  to  zero  in  spite  of  the  fact  that  a  magnetizing 
force  of  about  1.7  is  acting  on  it.  If  the  magnetizing  force 
is  further  increased  to  its  first  maximum  value,  that  is,  to  0  w, 
the  magnetic  density  (B  will  increase  in  the  positive  direction 
along  the  liney^  to  about  its  first  maximum  value  ma. 

When  a  magnetic  substance  is  magnetized  so  as  to  carry 
its  magnetic  flux  through  all  the  values  represented  by  the 
curve  f-a-b-€-d-e-f^  it  is  said  to  have  been  carried  through 
one  complete  cycle  of  magnetization.  One  cycle  is  made 
by  two  reversals  of  magnetism.  For  example,  reversing  the 
magnetism  40  times  in  1  second  will  make  20  cycles  in 
1  second. 

If  at  any  point  x  of  the  cycle  the  value  of  3C,  instead  of 
being  continuously  increased,  is  decreased  through  a  small 
series  of  values,  and  then  increased  gradually,  the  values 
of  (B  will  be  distributed  over  a  small  loop,  as  shown  at  x y. 
Otherwise  there  would  be  a  smooth  unbroken  curve  from  c 
to  d^  the  same  as  from  f  to  a. 

46.  Now  it  requires  the  expenditure  of  a  certain  amount 
of  work  in  the  magnetizing  coil  to  increase  the  magnetiza- 
tion of  the  iron  from  /  to  a.     This  work  is  proportional  to 
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the  area  enclosed  by  the  lines  f-a^  a-s^  s-0^  and  0-f.  But 
when  the  magnetization  decreases  from  a  to  b  the  iron 
restores  to  the  magnetizing  coil  an  amount  of  this  work  pro- 
portional to  the  area  enclosed  by  b-a^  as,  and  s~b.  The 
difference,  which  is  proportional  to  the  area  enclosed  by  the 
lines  f-^y  a-b,  b-O,  and  0-f^  is  not  restored  to  the  coil,  but  is 
transformed  into  heat  and  is  lost  in  heating  the  iron.  This 
represents  the  energy  lost  by  hysteresis  in  one- half  cycle. 
Evidently  the  total  energy  lost  in  one  complete  cycle  is  pro- 
portional to  the  area  enclosed  by  the  complete  hysteresis 
loop  d-e-f-a-b-c-d.  The*  heating  of  the  iron  is  supposed  to 
be  due  to  a  sort  of  friction  between  the  molecules  themselves. 
The  energy  so  dissipated  in  heat  cannot  be  entirely  avoided ; 
all  magnetic  materials  seem  to  possess  this  property  to  a 
greater  or  less  degree.  In  some  qualities  of  iron  and  steel, 
the  hysteresis  is  much  less  than  in  others,  however. 

If  it  were  not  beyond  the  scope  of  this  Course,  the  state- 
ment that  the  area  enclosed  by  the  loop  represents  the  energy 
lost  in  hysteresis  could  be  mathematically  proved,  and  more- 
over it  could  be  proved  that  the  hysteresis  loss  in  ergs  per 
cubic  centimeter  of  iron  for  one  complete  ^cycle  of  magneti- 
zation is  equal  to  the  area  in  square  centimeters  enclosed  by 
one  hysteresis  loop  divided  by4  7r.  Of  course,  the  curves 
would  have  to  be  drawn  accurately  to  a  centimeter  scale  and 
measured  with  a  planimeter  in  order  to  determine  in  this 
manner  the  energy  so  lost.  Other  more  practical  methods 
are  employed  to  determine  the  loss  due  to  hysteresis.  These 
will  be  considered  in  another  section. 

This  hysteresis  loop  is  from  a  test  on  very  soft  iron.  In 
other  varieties,  or  specimens,  of  iron  or  other  magnetic 
material,  the  loop  may  be  wider,  that  is,  the  area  enclosed 
may  be  larger;  or  it  may  be  narrower,  that  is,  the  area 
enclosed  may  be  smaller;  but  in  every  case  there  will  be 
some  loop,  and  the  descending  curve  a-b~c-d  will  never  be 
quite  the  same  as  that  of  the  ascending  curve  d-e-f-ii  nor 
will  either  of  the  curves y*-^?  or  a-b-c  exactly  agree  with  the 
original  magnetizing  curve  0-<i.  In  designing  electro- 
magnets, the  values  for  3C,  (B,  and  //  are  always  taken  or 
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calculated  from  the  curve  Oa^  the  loop  being  only  employed 
to  show  or  determine  the  hysteresis  loss. 

The  magnetism  in  a  piece  of  iron  may  be  practically 
removed  and  the  iron  reduced  to  its  original  neutral  mag- 
netic condition  by  carrying  it  through  a  series  of  cycles,  or 
hysteresis  loops,  of  diminishing  intensity.  For  this  purpose 
a  rapidly  alternating  current  circulating  in  a  coil  sur- 
rounding the  iron  is  very  gradually  reduced  in  strength  to 
zero.  Mechanical  vibration  of  the  iron  assists  in  the  above 
process  of  demagnetization  and  also  in  reducing  the  resid- 
ual magnetism.  Hence,  permanent  magnets  should  never 
be  jarred  or  subjected  to  an  alternating  magnetic  field  if 
no  change  in  their  magnetic  condition  is  desired. 

47.  The  energy  expended  by  hysteresis  is  furnished  by 
the  force  that  causes  the  change  in  the  magnetism ;  in  the 
case  of  an  electromagnet,  where  the  magnetism  is  reversed 
by  the  magnetizing  force,  the  energy  is  supplied  by  the 
magnetizing  current. 

TABI.E    III 


WATTS   LOST  PER   CUBIC   INCH  PER  CYCLE  PER  SECOND 


Flux  Density 

Watts  Per 

Flux  Density 

Watts  Per 

in 

Cubic  Inch, 

in 

Cubic  Inch, 

Lines  Per 

One  Cycle  Per 

Lines  Per 

One  Cycle  Per 

Square  Inch 

Second 

Square  Inch 

Second 

B 

a 

B 

a 

30,000 

.0042 

90,000 

.0244 

40,000 

.0067 

95,000 

.0267 

50,000 

.0095 

100,000 

.0289 

60,000 

.0128 

105,000 

.0312 

65,000 

.0145 

110,000 

•0337 

70,000 

.0164 

115,000 

.0362 

75,000 

.0183 

120,000 

.0387 

80,000 

.0202 

125,000 

.0414 

85,000 

.0223 
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The  loss  of  energy  by  hysteresis  depends  (1)  on  the  quality 
of  the  magnetic  substance;  (2)  on  the  volume  of  metal  mag- 
netized ;  (3)  on  the  number  of  cycles  per  second ;  and  (4)  on 
the  maximum  density  to  which  the  substance  is  magnetized. 
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OOS      .010     .015      .020      .025      .030      .035      .040 
Wattt  per  cubic  inch  for  one  cycle  per  eecond 

Fig.  7 

Table  III  gives  the  power  in  watts  expended  by  hyster- 
esis in  soft  sheet  iron  when  subjected  to  a  rapid  succession 
of   cycles   of   magnetism  at  different    maximum   magnetic 
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densities.  The  watts  expended  are  directly  proportional  to 
the  number  of  cycles  per  second  and  to  the  number  of  cubic 
inches  of  iron  magnetized. 

The  readings  given  in  Table  III  are  plotted  on  a  sheet  of 
cross-section  paper  in  Fig.  7,  and  the  various  points  are 
connected  by  a  curved  line.  The  ordinates  represent  the 
different  densities  B,  and  the  abscissas  the  corresponding 
number  of  watts  expended  in  1  cubic  inch  of  iron  for  1  cycle 
per  second.  By  referring  to  the  curve,  all  the  intermediate 
values  of  B  and  the  corresponding  watts  expended  can  be 
determined. 

48,     Let      a  =■  power  in  watts  expended  per  cubic  inch 

for  one  cycle  per  second ; 
V  =  volume  of  iron  in  cubic  inches; 
n  =  cycles  per  second; 
P  =  total  watts  expended  in  hysteresis. 

Then,  the  total  loss  due  to  hysteresis  is 

P  =  aV?t  (18) 

Rule. —  To  find  the  power  expended  by  hysteresis  in  sheet 
iron  at  a  given  stage  of  magnetization^  multiply  the  watts 
expended  at  that  stage,  as  given  in  Table  III,  or  Fig.  7,  by 
the  number  of  cubic  inches  of  iron  in  the  jnagnet  and  the 
number  of  cycles  per  second. 

Example. — In  an  electromagnet,  made  with  sheets  of  soft  iron, 
there  are  18  cubic  inches  of  iron.  Find  the  power  in  watts  expended 
when  the  magnetizing  current  is  reversed  70  times  per  second  and  the 
magnetism  reaches  a  density  of  90,000  lines  of  force  per  square  inch. 

Solution. —  70  reversals  are  equivalent  to  35  cycles  =  n.  From 
Table  III  the  watts  expended  per  cubic  inch  for  one  cycle  per  second  at 
a  density  of  90,000  are  equal  to  .0244.  Then,  by  formula  18,  the 
total  power  expended, 

P  =  .0244  X  18  X  35  =  15.37  watts    Ans. 

Note. — The  hysteresis  loss  in  inm  when  subjected  to  magnetic 
reversals  was  experimentally  determined,  l)y  Steinmetz,  to  vary  as  the 
1.6  power  of  the  magnetic  density.  He  found  that  the  watts  lost  in 
a  mass  of  iron  may  be  expressed  as  f»)lh)ws: 

JO'       ' 
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where     P  =  watts  lost  on  account  of  hysteresis; 

k  =  2i  constant  depending  on  the  magnetic  qualities  of  the 

iron  under  consideration. 
V  —  volume  of  iron  in  cubic  centimeters ; 

(B  =  maximum  magnetic  density  (lines  per  square  centimeter); 
n  —  number  of  cycles  per  second. 

The  value  of  k  will  vary  a  great  deal,  depending  on  the  quality  of 
the  iron.  A  fair  value  for  /'  for  annealed  sheet  iron  and  steel,  such  as 
used  in  dynamo  and  motor  armatures,  is  .0085;  for  gray  cast  iron,  .013; 
and  for  cast  steel,  .003. 

The  watts  lost  per  cubic  centimeter  for  one  cycle  per  second  are 

k  (B'*' 

.    Since  1  cubic  inch  =  16.38  cubic  centimeters,  then  the  watts 

lost  per  cubic  inch  for  one  cycle  per  second  are  —        .      If    the 

density  is  expressed  in  lines  per  square  inch  B,  then,  since  1  square 
inch  =  6.45  square  centimeters,  a  deasity  of  B  lines  per  square  inch  is 

equivalent  to  a  density  of  ^-^    =  (JJ    lines  per    square    centimeter. 

Hence,  the  loss  per  cubic  inch  for  one  cycle  per  second,  when  the 
magnetic    density   is    given    in   lines  of    force    per    square   inch,   is 

;^pr .  .^^,  _ .,.  „„, ,._  ^ , . 

given  piece  of  iron  is  very  nearly 

.83>^B'«  Vn 
10' 

83  k  B'  ** 
In  formula  18,  the  constant  a  =  -~-7.<^ — •, 

The  mean  of  a  large  number  of  measurements  by  various  persons 
seems  to  indicate  that  1.5  is  a  more  correct  value  than  1.6  for  the 
exponent  of  (Ji;  however,  1.6  is  much  more  generally  used.  To  calcu- 
late the  value  of  ©'••  requires  the  use  of  logarithms.  Although  the 
formula  is  not  very  much  used  in  practice,  it  has  been  given  here  to 
make  the  subject  more  complete.  Since  a  knowledge  of  logarithms  is 
not  necessary  in  some  of  the  Courses  in  which  this  section  occurs,  no 
questions  requiring  the  use  of  this  formula  will  be  asked. 


RESIDUAL  MAGNETISM 

49.  Residual  magnetism  is  the  magnetism  that  a 
magnetic  substance  retains  after  being  removed  from  a 
magnetic  field  or  after  the  magnetizing  force  produced  by 
a  coil  surrounding  the  magnetic  substance  has  been  reduced 
to  zero.  For  instance,  in  Fig.  6,  the  residual  magneti.sm, 
after    the    magnetizing    force   0  in    has    been    applied   and 


46  THE  MAGNETIC  CIRCUIT  g  4 

removed,  is  equal  to  ^  /^  or  about  9,000  lines  per  square  cen- 
timeter. The  larger  the  magnetic  hysteresis  in  iron,  the 
more  persistently  does  it  hold  on  to  its  residual  magnetism. 
An  iron  that  has  a  large  hysteresis  factor  may  retain  but 
little  magnetism,  but  it  holds  on  to  whatever  amount  it 
does  have  with  a  great  deal  of  force,  and  it  may  require 
severe  treatment  to  remove  it.  The  tenacity  with  which  it 
holds  on  to  its  residual  magnetism  is  called  its  coercive 
force,  which,  as  already  defined,  is  the  amount  of  negative 
magnetizing  force  that  is  required  to  reduce  the  residual 
magnetism  to  zero.  In  Fig.  6,  Oc  represents  the  coercive 
force  necessary  to  remove  the  residual  magnetism  0  d. 

Soft  irons,  in  which  the  "hysteresis  is  very  small,  may,  if 
very  carefully  handled,  be  made  to  retain  considerable  mag- 
netism, but  the  slightest  jar  will  generally  remove  it  entirely, 
so  that  not  even  the  slightest  trace  may  be  left.  Its  coercive 
force  is  very  small.  Soft  iron  and  annealed  steel  usually 
retain  only  a  small  amount  of  residual  magnetism,  for  there 
is  usually  some  slight  jar  or  disturbance,  or  perhaps  a  reverse 
induced  current  in  the  magnetizing  coil  that  removes  all  or 
at  least  most  of  it. 

A  closed  magnetic  circuit  of  soft  iron,  that  is,  a  magnetic 
circuit  that  consists  of  soft  iron  throughout  its  entire  length, 
will  exhibit  a  large  amount  of  residual  magnetism  as  long 
as  the  circuit  remains  unbroken.  This  tendency  can  be 
shown  by  a  U-shaped  electromagnet  of  soft  iron,  across  the 
two  ends  of  which  is  placed  a  well-fitted  piece  of  iron  called 
the  keeper.  If  the  circuit  is  magnetized  by  a  current  of 
electricity,  the  keeper  will  still  adhere  to  the  ends  after  the 
current  is  turned  off,  and  may  even  require  considerable 
force  to  detach  it.  But  when  once  it  is  detached  and  the 
circuit  broken,  the  keeper  will  not  adhere  again  without  the 
aid  of  the  current. 

Chilled  iron  and  hardened  steel  retain  residual  magnetism 
in  large  quantities.  Artificial  or  permanent  magnets  are 
made  by  placing  a  piece  of  hardened  steel  in  a  dense  mag- 
netic field  or  in  contact  with  another  magnet.  A  good  per- 
manent magnet  is  not  necessarily  one  that  retains  a  large 
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amount  of  residual  magnetism,  although  that  is  desirable, 
but  it  is  preferably  one  that  has  a  large  coercive  force, 
so  that  it  will  retain  with  fair  treatment  whatever  residual 
magnetism  it  does  have  with  as  little  loss  as  possible.  Lode- 
stone  is  the  result  of  a  natural  residual  magnetism. 


INTENSITY  O*"  MAGNETIZATION  AND  SUSCEPTIBILITY 

60.     If  a  long  bar  magnet  has  a  pole  strength  m  and  a 

cross-section  A\  then  -jy  is  called  the  Intensity  of  magrnetl- 

zation  of  the  bar  and  is  denoted  by  the  French  script 
letter  3,  corresponding   to   the   English   letter  /.     Hence, 

fft 

3  =  — .     Suppose  that  we  have  a  long  solenoid  of  large  area 

through  the  turns  of  which  is  circulating,  a  current  such  that 
the  field  produced  through  the  air  inside  the  coil  is  JC  lines 
of  force  per  square  centimeter.  Now  introduce  quite  a 
slender  iron  rod  of  area  ^'  inside  the  coil.  Then  /^'  3C  lines, 
due  to  the  solenoid,  will  pass  through  the  rod  from  end  to 
end,  producing  poles  of  strength  ni  at  each  end.  Now  each 
unit  pole  emits  4  r  lines  of  force;  hence,  the  total  number  of 
lines  passing  through  the  rod  from  end  to  end  due  solely  to 
the  strength  of  the  pole  =  4  tt  ;;/.  But  there  are  ^' JC  lines, 
due  to  the  solenoid  alone,  also  passing  through  the  rod ;  hence, 
the  total  number  of  lines  of  force  or  flux  passing  through  the 
rod  from  end  to  end  is  ^  =  4  ?r ;;/  -+-  3C  /^ '.     Dividing  all  terms 

of  this  equation  by  A\  we  get  -j-,  =  4  r  —  -|-  3C.     Now,  -j-, 

=  (B  and  -j7  =  3 ;  hence,  (B  =  4  :r  3  +  3C.    Dividing  all  terms 

3  3 

by  JC  gives  /4  =  4  tt  —  +  1.    The  ratio      is  called  the  mag:- 

jC  3C 

netic  susceptibility  of   the  iron,  and  is  denoted  by  the 

Greek  letter  kappa  «.     That  is,  «  =  -  .     Substituting  «  for 

3 

-  in  the  last  equation  gives  /i  =  4  -  «  -|-  1.     The  suscepti- 
JC 

bility  is  used  very  little  in  practical  work. 
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61.  Parama^nietlsni. — If  a  rod  of  iron  is  suspended  in 
a  mag^netic  field  so  that  it  is  free  to  turn,  it  will  place  itself 
so  as  to  lie  in  the  direction  of  the  lines  of  force.  Nickel 
and  cobalt,  although  less  permeable  than  iron,  will  do  the 
same.  All  substances  that  behave  in  this  manner  are  called 
pai-amajB^netic  substances,  and  their  permeability  is  greater 
than  1,  that  is,  greater  than  the  permeability  of  the  air  or 
of  a  vacuum  in  which  the  experiments  have  been  tried.  The 
following  common  substances  are  paramagnetic;  iron,  nickel, 
cobalt,  manganese,  chromium,  and  oxygen. 

62«  DlaTnasrnetlsm. — There  are  some  substances,  such 
as  bismuth  and  antimony,  which,  when  suspended  in  a  mag- 
netic field  in  the  form  of  a  small  bar  and  free  to  turn,  will 
place  themselves  at  right  angles  to  the  direction  of  the  lines 
of  force.  All  such  substances  are  called  diamai^netic,  and 
their  permeability  is  less  than  1,  that  is,  less  than  the  per- 
meability of  air  or  vacuum.  Experiments  also  show  that 
paramagnetic  substances  are  attracted  and  diamagnetic 
substances  repelled  by  a  magnet;  at  least,  such  is  the  case 
in  a  field  that  is  not  absolutely  uniform  in  strength.  No 
satisfactory  explanation  has  been  given  for  the  behavior  of 
diamagnetic  substances.  All  diamagnetic  substances  are 
very  weak,  that  is,  their  permeability  is  only  a  trifle  less  than 
1.  For  "instance,  bismuth,  which  seems  to  be  the  strongest 
diamagnetic  substance,  and  hence  has  the  smallest  permea- 
bility, has  a  permeability  of  .999969.  The  following  common 
substances  seem  to  be  diamagnetic:  bismuth,  phosphorus, 
zinc,  mercury,  antimony,  lead,  silver,  copper,  gold,  water, 
alcohol,  and  sulphur. 


PRINCIPIiES    OF    THE  MAGNETIC    CIRCUIT 

63.  The  laws  governing  the  production  of  magnetism, 
or  lines  of  force,  through  a  magnetic  circuit  are  similar  in 
some  respects  to  the  laws  governing  the  production  of  a 
current  in  an  electric  circuit.  In  an  electric  circuit  an  elec- 
tromotive force,  which  may  be  produced  in  various  ways,  is 
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necessary  before  there  is  any  tendency  for  a  current  to  flow. 
In  a  magnetic  circuit  there  is  a  force,  called  magneto- 
motive force,  that  corresponds  to  an  electromotive  force  in 
an  electric  circuit.     Magnetomotive  force  may  be  defined  as 

m 

that  which  produces  magnetism,  or  as  that  which  tends  to 
drive  lines  of  force  along  the  magnetic  circuit  against  the 
resistance  offered  by  the  magnetic  circuit. 

A  magnetomotive  force  may  be  produced  by  a  permanent 
magnet  or  by  a  wire  (preferably,  however,  by  several  turns 
of  wire)  through  which  a  current  of  electricity  is  flowing. 
Magnetism  is  said  to  be  induced  in  a  magnetic  substance 
when  it  is  placed  in  a  magnetic  field;  that  is,  when  it  is 
acted  on  by  a  magnetomotive  force. 

64.     TiOsv  of  tlie  Magnetic  Circuit. — It  has  been  shown 

that  the  strength  of  current  that  flows  in  an  electric  circuit 

E 
is,  by  Ohm's  law,  equal  to  -^,  in  which  £  =  total  or  result- 

ant  electromotive  force  acting  in  the  circuit,  and  R  =  the 
total  resistance  of  the  electric  circuit.  For  the  magnetic 
circuit  we  have  a  somewhat  similar  law,  namely, 

.    ri  magnetomotive  force 

magnetic  flux  =  — ^ r-. , 

reluctance 

in  which  reluctance  represents  the,  magnetic  resistance,  and 
corresponds  to  electrical  resistance  in  Ohm's  law. 

The  magnetic  flux  is  the  quantity  of  magnetism  passing 
through  the  magnetic  circuit.  This  magnetic  flux  is  usually 
expressed  as  so  many  lines  of  force,  one  line  representing 
unit  flux.  Thus,  one  line  of  force,  for  which  the  name  max- 
well may  be  used,  represents  a  unit  quantity  of  magnetism, 
the  same  as  an  ampere  represents  the  unit  of  current. 

Magnetomotive  force  has  already  been  defined.  Unit 
magnetomotive  force  is  that  magnetomotive  force  which 
will  produce  unit  flux,  that  is,  one  line  of  force,  or  one  max- 
well, through  a  magnetic  circuit  of  unit  reluctance.  The 
word  gilbert  has  been  used  by  some  writers  as  the  name 
for  the  C.  G.  S.  unit  of  magnetomotive  force,  but  it  is  not 
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very  generally  adopted.  The  French  script  letter  (F  is  gen- 
erally used  to  denote  magnetomotive  force,  and  (R  to  denote 
reluctance  when  the  dimensions  are  given  in  centimeters. 

The  law  given  for  the  magnetic  circuit  may  be  expressed 
by  the  following  formula: 

*  =  ^.      (i») 

in  which  ^  =  total  number  of   lines  of   force   threading 

through  magnetic  circuit; 
$F  =  total    magnetomotive    force    in    magnetic 

circuit ; 
(R  =  total  reluctance  of  magnetic  circuit. 


RKLtrCTANCB 

55.  Reluctance  is  the  resistance  that  a  magnetic  cir- 
cuit offers  to  the  production  of  magnetic  lines  of  force 
through  it.  We  have  seen  that  certain  substances  are  good 
conductors  of  electricity ;  others  are  very  poor  conductors, 
and  are  termed  non-conductors  or  insulators.  For  instance, 
pure  copper  is  approximately  340,000,000,000,000,000,000,000 
(or  34  X  10")  times  as  good  a  conductor  of  electricity  as 
porcelain.  Furthermore,  it  has  been  experimentally  deter- 
mined that  the  best  magnetic  substance,  soft  iron,  when 
magnetized  to  such  a  degree  that  it  possesses  its  highest 
permeability  is  only  about  2,500  times  as  good  a  conductor 
of  magnetic  lines  of  force  as  air,  and  that  all  non-magnetic 
substances,  such  as  air,  paper,  wood,  etc.,  seem  to  possess 
the  same  permeability  as  air.  As  we  have  seen,  non-mag- 
netic substances,  air,  for  instance,  will  allow  magnetic  lines 
of  force  to  pass  through  them.  Although  a  non-magnetic 
substance  may  have  some  2,500  times  as  great  a  reluctance 
as  the  same  size  piece  of  soft  iron,  nevertheless  it  is  appar- 
ent that  non -magnetic  substances  cannot  rank  as  non-con- 
ductors of  magnetism  to  the  same  degree  that  insulators 
rank  as  non-conductors  of  electricity.     There  is  no  known 
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substance  that  can  be  called  a  very  good  magnetic  insulator 
or  non-conductor  of  magnetism. 

66,  The  reluctance  of  the  magnetic  circuit  depends  on 
three  quantities:  (1)  the  length  of  the  circuit,  (2)  the  sec- 
tional area  of  the  circuit,  and  (3)  the  permeability  of  the 
substances  that  form  the  circuit. 

The  reluctance  increases  as  the  length  of  the  magnetic 
circuit  increases;  decreases  as  the  sectional  area  increases; 
decreases  as  the  permeability  increases. 

Let      /'  =  length  of  a  magnetic  circuit  in  centimeters; 
/    =   length  of  a  magnetic  circuit  in  inches; 
A'  =  sectional    area    of    the    magnetic   circuit    in 

square  centimeters; 
A    =  sectional    area  of    the    magnetic   circuit    in 

square  inches; 
<R  =  reluctance  of  the  magnetic  circuit  in  C.  G.  S. 
units,  that  is,  when  the  dimensions  are  given 
in  centimeters; 
R  =  reluctance  of  the  magnetic  circuit  in  units 
for  which  there  is  no  name,  and  when  the 
dimensions  are  given  in  inches. 

The  reluctance  of  the  magnetic  circuit  can  then  be 
expressed  by  either  of  the  following  formulas : 

The  C.  G.  S.  unit  of  reluctance  in  which  61  in  formula  JSO 
is  measured  is  sometimes  called  the  oersted,  after  the  man 
who  first  discovered  the  phenomenon  of  electromagnetism,  in 
1820,  but  this  name  is  not  very  generally  used.  A  centi- 
meter cube  of  air  has  unit  reluctance,  that  is,  a  reluctance 
of  1  oersted,  because  the  permeability  of  air  is  taken  as  1, 

and  hence  for  a  cube  of  air  the  reluctance  — n —  =  1. 

A    f4. 

Note. — The  reluctance  R  obtained  when  /  and  A  are  given  in  inches 
and  square  inches,  respectively,  must  be  multiplied  by  .3987,  to  give 
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the   reluctance  tR  in   C.  G.  S.  units.     That    is,  (R  =  — ^  — ,  when  I 

and  A  are  in  inches  and  stjuare  inches,  respectively.  However,  it  will 
not  usually  be  necessary  to  reduce  the  reluctance  to  C.  G.  S.  units 
when  the  dimensions  oi  the  magnetic  circuit  are  given  in  inches, 
as  just  explained,  because  formulas  in  which  the  reluctance  occurs  will 
be  given  in  which  such  reductions  are  taken  care  of  by  the  constant. 

67.     Reluctance   of  Non-Maprnetlc   Substances. — All 

our  magnetic  units  and  formulas  are  based  on  the  assump- 
tion that  air  has  a  permeability  of  1.  Since  all  non-magnetic 
substances  have  the  same  permeability  as  air,  it  follows 
that  all  non-magnetic  substances  have  a  permeability  of  1 
in  our  present  system  of  units  and  formulas.  There  is  no 
likelihood  that  this  assumption  will  be  changed  for  a  good 
many  years,  even  if  it  is  ever  changed.  Hence,  the  reluct- 
ance of  a  magnetic  circuit  through  air  or  other  non-mag- 
netic substance  is  equal  to  its  length  divided  by  its  sectional 

/ 

area,  that  is,  (R  for  any  non-magnetic  substance  =  -j. 

58.  For  a  simple  magnetic  circuit  of  uniform  sectional 
area  and  material,  and  having  no  air  gap  in  the  path  of 
the  lines  of    force,   the  total  reluctance  of    the  magnetic 

circuit  =  -j7— •      Substituting  this  for  (R  in  the  formula  ^ 

cf  gr  ^  /' 

=      ,  we  get  0  =      .,   .     Transposing  this  gives  -j-, —  =  ^, 

but  -p  =  (S>  and   —  =  X;  consequently,  we  have  3C /'  =  SF. 

Hence,  the  magnetomotive  force  ff^  in  a  simple  magnetic 
circuit  is  equal  to  the  product  of  the  magnetizing  force  JC 
and  the  length  of  the  magnetic  circuit  /'.     3C  is  the  mag- 

netizing  force,  or  field  density,  but  since  3C  =  ^,  JC  is  evi- 
dently equivalent  to  the  magnetomotive  force  per  unit 
length  of  the  magnetic  circuit,  and  the  magnetomotive 
force  fF  represents  the  work  done  on  a  unit  magnetic  pole 
in  moving  it,  against  the  magnetizing  force  5C,  once  com- 
pletely around  the  magnetic  circuit  whose  length  is  /'. 
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In  the  case  of  a  simple  magnetic  circuit,  as  in  the  ring 
shown  in  Fig.  8,  /',  which  is  the  mean  length  of  the  mag- 
netic circuit,  is  equal  to 
T  (r,  +  r,) ;  r^  and  r,  being 
the  radii,  respectively,  of 
the  inner  and  outer  edges 
of  the  iron  ring.  The 
sectional  area  of  the  ring, 
since  it  has  a  circular 
cross-section,  is  ^  n  tf. 

59.  Bner^'ofaMa^ 
netlc  Field. — We  have 
seen  that  the  permeability 
of  a  magnetic  substance, 
which  corresponds  to  the 
conductivity  of  a  conduc- 
tor, is  not   exactly  analo- 

,      ,  ,  Fio.  s 

gous  to  the  latter,  because 

the  permeability  of  a  magnetic  substance  varies  with  its 
magnetic  density,  whereas  the  conductivity  is  independ- 
ent of  the  current  strength,  provided  the  latter  is  not 
strong  enough  to  appreciably  heat  the  conductor.  In 
another  respect  there  is  quite  a  difference  between  mag- 
netic and  electric  circuits  that  has  not  yet  been  mentioned. 
We  know  that  it  requires  the  expenditure  of  energy,  or 
work,  to  maintain  an  electric  current ;  that  the  work  done  in 
maintaining  a  current  /  through  a  simple  resistance  A'  for 
/  seconds  —  PRt.  Now,  it  requires  no  energy  or  work  to 
maintain  a  steady  magnetic  field  or  flux  after  it  is  once 
established.  However,  work  is  required  to  establish  or  to 
increase  the  strength  of  a  magnetic  field,  and  the  magnetic 
field,  when  allowed  to  fall  to  zero  or  to  decrease  in  strength, 
tends  to  restore  its  energy  to  any  electric  circuit  within  its 
influence.     Scientists  have  proved  that  the  energy  per  cubic 


the  permeability  of  the  medium  and  3C  the  intensity  of  the 
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field.  After  a  steady  current  is  produced  in  a  coil  surround- 
ing an  iron  core  no  expenditure  of  energy  is  necessary  to 
maintain  the  magnetic  field.  Energy  is  required  to  maintain 
the  current,  but  that  energy  is  all  consumed  in  heating  the 
copper  wire  in  the  magnetizing  coil,  and  can  be  calculated  by 
the  formula  y=  P  Rt.  This  loss  would  be  the  same  if  the 
coil  contained  no  magnetic  substance.  The  fact  that  no 
energy  is  required  to  maintain  a  magnetic  field  must  not  be 
understood  to  contradict  the  fact  that  it  requires  work  to 
move  a  magnetic  pole  around  a  magnetic  circuit  against  the 
magnetizing  force,  and  that  energy  is  lost  in  heating  the  iron 
due  to  hysteresis,  when  the  magnetizing  current  varies  in 
strength  or  is  an  alternating  one.  The  derivation  of  the 
formula  for  the  energy  in  a  magnetic  field  is  beyond  the 
scope  of  this  Course. 

MAGXETOMOTIVE   FORCE 

60.  Strengrth  of  Field  Aroiind  a  Wire. — It  has  been 
proved  by  mathematical  calculations,  which  are  beyond  the 
scope  of  this  Course,  that  the  magnetizing  force  X  at  a  dis- 
tance of  r'  centimeters  from  a  long  straight  conductor  carry- 
ing a  current  of  /  C.  G.  S.  units  is  given  by  the  following 
formula:  ^ 

3e  =  li        (21) 

The  statement  that  the  magnetizing  force  at  a  given 
point  is  JC  is  equivalent  to  saying  that  the  field  density  or 
the  number  of  lines  of  force  per  square  centimeter  in  air 
is  5C.  Furthermore,  a  unit  magnetic  pole  is  acted  on  by  a 
force  of  1  dyne  by  each  line  of  force.  Hence,  the  force 
acting  on  a  unit  pole  when  the  field  density  is  3C  is  X  dynes. 

The  paths  of  the  lines  of  force  produced  by  a  current  in  a 
straight  conductor  are  circumferences  of  circles  about  the 
axis  of  the  wire  as  a  center.  Hence,  the  length  /'  of  a  line 
of  force  at  a  distance  of  r'  centimeters  from  the  axis  of  the 
conductor  =  %  t:  r'  centimeters.  Since  the  magnetizing 
force,  or  field  strength,  is  3C  at  all  points  at  a  distance  of  r' 
centimeters  from  the  wire,  it  follows  that  the  magnetomotive 
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force,  which  represents  the  total  work  done  in  moving  a  unit 
pole  completely  around  the  magnetic  circuit  against  the 
field,  is 


It  has  already  been  shown  that  3C  /'  represents  the 
magnetomotive  force  acting  in  a  simple  magnetic  circuit; 
hence,  4  ^  /  must  be  the  magnetomotive  force  produced  in 
the  same  circuit  by  one  turn  of  a  conductor  carrying  a  cur- 
rent of  /C.  G.  S.  units. 

It  makes  no  difference  whether  the  path  of  a  line  of  force 
forms  a  circle  or  not;  the  work  required  to  move  a  unit 
pole  from  any  point  in  it  around  and  back  to  its  starting 
point  is  4  7r/.  It  requires  no  work  to  move  a  magnetic  pole 
in  a  direction  at  right  angles  to  a  line  of  force,  because  a 
line  of  force  does  not  oppose  the  motion  of  a  pole  in  such  a 
direction,  and  hence  the  work  performed  is  proportional 
only  to  the  distance  the  pole  is  moved  along  a  line  of  force 
against  the  field.  Furthermore,  if  the  path  of  a  magnetic 
pole  is  oblique  to  a  line  of  force,  the  path  may  always  be 
resolved  into  two  components,  one  of  which  is  along  the  line 
of  force  and  the  other  at  right  angles  to  the  line  of  force. 
Work  is  involved  in  moving  the  magnetic  pole  along  the  first- 
mentioned  component  only.  Hence,  the  magnetomotive 
force  always  equals  4  ?r  /,  if  the  magnetic  pole  returns  to  its 
starting  point,  although  the  lines  of  force  may  not  be 
circles. 

61,  If  there  are  T  turns  in  the  coil,  the  intensity  of  the 
field  produced  by  the  same  current  will  be  T  times  ;  s 
great,  and  hence  X  /'  =  ^^r.  I  T  =  Vl.hl  I  T^  in  which  the 
current  /  is  expressed  in  C.  G.  S.  units.  This  is  evident 
from  the  fact  that  it  will  require  T  times  as  much  work  to 
take  a  magnetic  pole  7"  times  around  the  magnetic  circuit  as 
only  once  around. 

If  the  current  /  is  expressed  in  amperes,  it  is  necessary  to 
divide  the  last  term  (12.57  /  7^)  of  the  above  expression  by 
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10,  j>in<e  10  amijcrcs  =   I  C.  G.  S.  unit  of  current.     Then, 
we  have 

JC  /   =   l.>57  /  r,  <.r  H/  =  3.111-2  /  T^  (82) 

in    which    JC  =  maj^netizing    force,    or    field    density,    per 

square    centimeter; 
/'  =  mean  length  of   magnetic  circuit  in  centi- 
meters; 
/  =r  current  in  amperes; 

T  ■=  total  number  of  turns  in  magnetizing  coil; 
H  =  magnetizing    force,    or    field    density,    per 

square  inch ; 
/  =  mean  length  of  magnetic  circuit  in  inches. 

Solving  JC  /'=  1.257  /  r  for  JC,  we  obtain  JC  =  ^'^^        . 

Similarly,    solving   H  /  =   3.192    /  T  for   H,    we   obtain 

W.vA I  T 
H  =  "     "7~   ■"•     These  two   expressions  enable  us   to  cal- 
culate the  field  density  produced  inside  a  long  solenoid  and 
approximately  inside  any  coil,  /  being  the  length  of  the  coil. 

&i.     It  has  been  shown  that 

X  /'  =  g^,  and 
JC/'  =  1.257  I  T\ 

hence,  the  magnetomotive  force 

^  =  1.257  /  r 


*Tht*  constant  in  this  formula  is  derived  as  follows:  3C  ^'  =  1.257/  T; 
^  bcinj;  the  mini  her  of  lines  of  force  \x:r  square  centimeter  and  /*  the 
lenjrth  of  the  nia^Mietic  circuit  in  centimeters.  If  H  is  the  numl)er  of 
lines  of  force  per  scjuare  inch,  then,  since  there  are  6.45  scjuare  centi- 
meters in  1  s(|uare  inch,  the  ecjuivalent  density  per  square  centimeter 

JC  ■■"  if  4'-     Furthermore,  1   inch  =  2.54  centimeters,  then  /'  in  centi- 

If 

meters       2.54/  in  inches.     Hence,  we  have  1.257/7'—  >.  ,v  X  2.54 /. 

6.4o 

Simplifying  this  ^ivcs  H  /  -  JM92  /  7\  in  which   H  is  the  magnetic 

density  in   lines  of  force  per  square  inch  and  /  is  the  length  of  the 

magnetic  circuit  in  inches. 
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For  dimensions  in  inches,  we  have  the  magnetomotive  force 
F  =  3.192  /  T\  in  which,  as  before,  /  =  current  in  amperes, 
and  T  =  number  of  turns. 

The  principles  relating  to  the  magnetic  circuit  and 
explained  in  the  preceding  articles  have  been  verified  by 
experiment.  For  instance,  it  has  been  experimentally 
determined  that  the  lines  of  force  produced  in  a  coil  depend 
on  the  number  of  turns  in  the  coil  and  on  the  current  cir- 
culating therein.  Hence,  the  current  and  the  turns  together 
act  as  a  magnetizing  force.  This  magnetizing  force  is, 
therefore,  proportional  to  the  product  of  current  and  turns. 
When  the  current  strength  is  given  in  amperes,  this  product 
is  called  ampere -tur^is.  It  is  found,  furthermore,  that  the 
magnetizing  force  is  independent  of  the  size  of  the  wire,  and 
also  that  20  amperes  circulating  around  5  turns  exert  pre- 
cisely the  same  magnetizing  force  as  1  ampere  circulating  in 
100  turns,  or  50  amperes  in  2  turns,  all  of  which  produce 
100  ampere-turns. 

63.     Number  of  lilnes  of  Force  in  a  Solenoid. — The 

total  number  of  lines  of  force  passing  through  the  air  inside 
a  solenoid  may  be  calculated  by  multiplying  the  sectional 
area  of  the  magnetic  circuit  by  the  field  density  inside  the 
solenoid.  For  example,  imagine  a  coiled  conductor  of 
20  turns  bent  into  a  circular  shape,  as  represented  in  Fig.  8, 
and  inside  of  which  there  is  no  magnetic  substance.  Each 
line  of  force  will  form  a  complete  ring  inside  the  solenoid. 
Twenty  amperes  flowing  through  the  conductor  will  give  a 
magnetizing  force  of  400  ampere-turns.  If  the  mean  length 
of  the  magnetic  circuit  is  5  inches,  then  from  formula  22  the 
magnetizing  force  H  =  3.192  X  -*J-  =  255.36,  which  means 
that  a  uniform  magnetic  field  is  produced  in  the  air  inside 
the  solenoid  in  which  the  density  is  255.36  lines  of  force  per 
square  inch  of  sectional  area.  Now,  if  the  sectional  area  of 
the  magnetic  circuit  is  .5  square  inch,  there  are  .5  X  255. 3Q 
=  127.68  lines  of  force  produced  in  the  coil.  Or,  if  the  sec- 
tional area  is  1.5  square  inches,  there  are  1.5  X  255.36 
;=  383.04  lines  of  force  produced  in  the  coil. 

43—1^ 
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64.     In  the  case  of  a  long  solenoid,  the  field  inside  is  quite 
uniform  and  very  dense  compared  to  the  field  outside,  as 
indicated    in    Fig.    9. 
The     lines     of     force 
spread    out    into    the 
space  outside  the  coil. 
Theoretically,  the  flux 
density     outside     the 
coil  is  zero,  since  the 
area  is  infinitely  great ; 
because    a    definite 
quantity    (the   total 
magnetic  flux)  divided 
by  an  infinitely  great 
quantity  (the  area  of 
the  space  outside  the 
solenoid)  gives  a  zero 
quantity  for  the  flux  density.     Since  this  is  not  quite  true, 
all  the  magnetomotive  force  is  not  consumed  in  establishing 
a  field  of  density  3C  inside  the  solenoid;    it  is  sufficiently 
exact,  however,  for  practical  purposes.     If  the  distance  ad, 
which  is  called  the  length  of  the  solenoid,  is  /',  then  the  total 
magnetomotive  force  due  to  a  current  of  /amperes  flowing 
through   a  solenoid  of    7"  turns  produces  a  field  of  such  an 
intensity  3C  that  the  magnetomotive  force  =  3C  /'  =  1.257  /  T. 
This   is    not  quite  true,  because  the  lines  of  force    spread 
out   gradually   as  they   approach  the  end  of   the  solenoid, 
and     the    density    does    not     reduce     absolutely     to    zero 
immediately  outside  the  ends  of  the  solenoid.     Moreover, 
this    variation    in    flux    density,    which    commences     about 
three  diameters  inside   each   end   of  the    solenoid,  and  the 
actual    density  outside  the  solenoid,  cannot    very  "wpII    be 
determined,  and  hence  it  is  practically  impossible  to  make 
any  exact  allowance  for  these  conditions  in  computing  the 
magnetomotive  force  of  a  straight  solenoid.     The  field  den- 
sity at  the  middle  of  a  solenoid  is  given  exactly  by  3C  or  H 
in  formula  33,  provided  the  solenoid  is  at  least  6  times  as 
long  as  its  diameter.      If  a  solenoid  has  a  length  of  30  or 
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more  diameters,  the  error  due  to  the  variable  density  near 
the  ends  is  small  enough  to  be  neglected.  It  has  to  be 
neglected  in  any  case  and  /  is  taken  as  the  length  of  the 
solenoid.  When  the  solenoid  is  wound  on  a  core  of  mag- 
netic material  that  forms  a  closed,  or  very  nearly  closed, 
magnetic  circuit,  the  end  effects  are  practically  negligible, 
no  matter  what  may  be  the  length  of  the  solenoid,  because 
then  there  is  necessarily  no  variation  in  the  density  in  the 
iron  near  the  ends  of  the  solenoid. 

65.  Ampere-Tums. — It  has  already  been  explained 
that  Oe/'  =  1.257  /T,  or  H  /  =  3.192  IT\  in  the  first  case 
the  dimensions  being  in  centimeters  and  in  the  second 
case  in  inches.  From  these  we  obtain,  by  transferring  the 
constants  to  the  other  side  of  the  equation  and  taking  their 
reciprocals,  the  following  formula: 

/r=  .796  30/',  or /r=  .313H/,  (23) 

in    which    JC  =  magnetizing    force,    or   field   density,   per 

square  centimeter; 
/'  =  mean  length  of  magnetic  circuit  in  centi- 
meters; 
IT  —  ampere-turns  in  magnetizing  coil; 
H  =  magnetizing   force,    or    field   density,    per 

square  inch ; 
/  =  mean  length  of  magnetic  circuit  in  inches. 

From  these  last  two  formulas  can  be  readily  calculated  the 
ampere-turns  required  to  produce  a  given  magnetizing  force 
in  a  simple  magnetic  circuit  whose  length  is  known. 

66,  It  should  be  particularly  noted  that  formula  22, 
when  solved  for  the  field  density,  gives  the  number  of  lines 
of  force  per  unit  area  for  a  coil  in  or  near  which  there  is  no 
magnetic  substance.  When  a  magnetic  substance  is  intro- 
duced into  the  core  of  a  solenoid,  the  permeability  is  no 
longer  1,  but  becomes  ^.  For  instance,  if  an  iron  ring  hav- 
ing a  sectional  area  of  6  square  inches  is  wound  with  100  turns 
of  wire,  and  a  current  of  5  amperes  is  flowing  through  the 
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wire,  the  mean  length  of  the  magnetic  circuit  (the  mean 

circumference  of  the  ring)  being  10  inches,  the  magnetizing 

3  192/7" 
force  H  may  be  calculated  by  the  formula  H  =  — — j , 

f             u-  u             u*   •     u         3.192X5X100         ,;,«.,. 
from  which  we  obtam  H  =  — =  159.6  hnes 

per  square  inch  in  air.  The  magnetic  density  produced  in 
the  iron  ring  by  this  magnetizing  force  depends  on  the 
permeability  of  the  iron  at  that  stage  of  magnetization. 
If  the  ring  is  made  of  cast  iron,  the  curve  for  which  is 
shown  in  Fig.  3,  the  magnetic  density  is  found  from  the 
magnetization  curve  to  be  about  29,000  lines  of  force  per 
square  inch  for  a  magnetizing  force  of  160  lines  per 
square  inch  in  air.  Since  the  area  of  cross-section  of  the 
iron  ring  is  6  square  inches,  the  total  flux  0  =  29,000  X  6 
=  174,000  lines  of  force,  or  maxwells. 


COMPOUND  MAGNETIC  CIRCinT 

67.  Reluctance  of  Compound  Circuit. — The  magnetic 
circuit  is  generally  a  compound  one;  that  is,  it  is  composed 
of  two  or  more  portions  of  different  substances  or  of  different 
sectional  areas,  or  both.  The  total  reluctance  of  the  circuit 
would  then  be  the  sum  of  the  reluctances  of  each  substance. 

Let  -H —  ~  61,  be    the   reluctance   of    the  first  substance, 

I' 

=  (R,,  be   the  reluctance  of   the  second,  and   so  on. 


Then,  the  total  reluctance  of  a  compound   magnetic  circuit 
=  (R^4-(R^-[-,  etc. 

For  instance,  the  field  core  and  armature  of  a  dynamo 
are  usually  of  good  soft  iron,  the  yokes  cast  iron  or  steel, 
and  the  gaps  between  the  field  and  armature  cores  are  air. 
The  reluctance  of  such  a  compound  circuit  must  be  com- 
puted by  adding  together  the  reluctances  of  each   portion. 

/' 
If  (Kj  =  --) —  is  the   reluctance   of  both  field  cores  of  an 
^1  Ml 
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ordinary  two-pole  magnet,  (R,  =  -p-^ —  the  reluctance  of  the 

yoke,  (R,  =  -,-7-^ —  the  reluctance  of  the  armature,  and  (R^ 
__    /'     the  reluctances  of  the  two  air  gaps  (/*  =   1  in  this 

~  A 

case),  then,  for  the  total  reluctance  of  the  magnetic  circuit, 
we  have  (R  =  (R^  +  (R^  -f  (R^  +  (R^. 

68.  The  flux  through  a  compound  magnetic  circuit  is 
equal  to  the  magnetomotive  force  divided  by  the  sum  of 
the  reluctances  of  all  the  parts.  This  is  expressed  by  the 
formula 

*= ? 124) 

(R.  +  (R,  +  (R.  +  etc.  ^      ^ 

Since  IF  =  1.257  /  T,  and  F  =  3.192  /  T,  the  above  for- 
mula may  be  written  in  the  following  two  forms: 

.796  0 ((R,  +  ^,  +  ^,  +  etc.)  =  IT  (26) 

or  .313  4> (R,  4-  R^  +  R^  +  etc.)  =  IT 

There  will  be  as  many  terms  in   the  denominator  of  for-' 
mula   24   and    in   formulas  derived    from    it  as   there   are 
portions  of   one   compound   magnetic  circuit  in  which  the 
permeability,  length,  or  sectional  area  varies. 

It  has  been  shown  that  (R  =  -j-, —  and  iF  =  1.257  /  T  when 

A  /I 

I 

centimeters  are  used,  and  that  R  =    . —  and  F  =  3.192  /  T 

A  // 

when  inches  are  used;  hence,  we  have,   by  substituting  in 

formula  24,  the  following  formula: 

*  =  -r, \^^^^^, ,  (26) 

' L  _     .'  _  J ? L  etc 

3.192 /r 

or  4>  = 


■       +  ~^^—  +  -l^TT  +  ^'tC. 


^./'.     ^K   t     ^^/^, 
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in   which  ^  =  total  flux,  that  is,  the  total  number  of  lines 

of  force,  or  maxwells; 
/'  and  A'  =  lengths  and  sectional   areas  of   the   various 

portions    in  centimeters   and   square   centi- 
meters, respectively; 
/  and  A  =  lengths   and   sectional   areas   in   inches  and 
square  inches,  respectively. 

69.     Formula  26  can  be  put  in  the  following  form : 

<b/'  <b/'  A/' 

1.257/7'=  -^  +  -^j^ 

A\f4^^  A\m,      A\m^ 

€»  (B  ^/' 

But  =   (B  and         =   JC;    consequently,  -jj—   =   JC/'. 

Hence,  we  have 

1.257  /  r  =  X,  /',  +  5C,  /\  +  JC.  /'.  +  etc.,  (27) 

or  3. 192  /  r  =  H,  /,  +  H,  /,  +  H,  /,  +  etc. 

in  which  JC^,  X,,  5C,  =  field  densities  per  square  centimeters, 

that  is,  the  number  of  lines  of  force 
per  square  centimeter  in  air; 
'u  '«»  ^'t  =  lengths  in  centimeters  of  the  various 

portions  of  the  compound  magnetic 
circuit; 
H,,  H„  H,  =  field  densities  per  square  inch,  that  is, 

the    number   of    lines    of    force    per 
square  inch  in  air; 
A>  4»  '«  —  lengths  in  inches  of  the  various  por- 
tions    of    the     compound     magnetic 
circuit. 

It  has  been  shown  that  1.257  /  T and  3.192  IT  are  mag- 
netomotive forces;  hence,  we  have  the 

IJiile. —  7/ie  total  magnetomotive  force  in  a  compound  mag- 
7ietic  circuit  is  equal  to  the  sum  of  the  products  of  the  magnet- 
iziug  forces  and  lengtJis  of  the  various  portions  of  a  cam  pound 
magnetic  circuit. 
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70.  In  designing  electromagnets  and  dynamos,  it  is 
usually  more  convenient  to  have  the  last  formulas  in  the 
following  form : 

IT-  .796  5C,/\  +  .7%5C,/',-f  .796  JC,/'. -fete,  (28) 
or  /r=  .313H,/, +  .313  H,/,  +  .313H,/.  + etc. 

The  separate  members  in  the  last  formulas  represent  the 
ampere-turns  necessary  to  drive  the  same  flux  through  each 
separate  portion  of  the  magnetic  circuit.  The  sum  of  the 
ampere-turns  for  each  separate  portion  gives  the  total  num- 
ber of  ampere-turns  (/  T)  required  to  drive  the  same  flux 
through  the  entire  magnetic  circuit. 

If  the  dimensions  and  the  flux  through  the  magnetic^  cir- 
cuit have  been  given,  it  is  necessary  to  find  the  magneti- 
zing forces  H,,  H„  H„  etc.  before  the  ampere-turns  can  be 
calculated.  The  magnetizing  force  required  will  depend, 
as  we  have  seen,  not  only  on  the  kind  and  quality  of  the 
magnetic  substance,  but  also  on  the  magnetic  density  of  the 
lines  of  force.  The  magnetic  density  is  found  by  dividing 
the  total  number  of  lines  of  force  that  pass  through  a  circuit 
by  its  sectional  area.  Consequently,  the  magnetic  densities 
in  the  different  substances  that  compose  the  magnetic  cir- 

cult  will  be  -T-,  —7-,  etc.     Then,  referring  to  the  curves  in 

Fig.  3,  the  field  densities,  or  magnetizing  forces,  H,,  H„  H„ 
etc.  corresponding  to  B,,  B,,  B„  etc.  can  be  readily  found. 
Having  given  /,,  /„  /„  etc.,  and  having  determined  H„  H,,  H„ 
etc.,  the  total  number  of  ampere-turns  IT  can  be  readily 
calculated  by  one  of  the  last  formulas.  It  is  well  to  remem- 
ber that  the  permeability  of  all  non-magnetic  substances  is 
always  1,  irrespective  of  the  flux  density,  and  hence  B  =  H 
in  air,  or  in  any  other  non-magnetic  substance. 


AMPERE-TURN  CURVES 

71.  If,  instead  of  plotting  a  curve  with  (B  as  ordinates 
and  X  as  abscissas,  as  in  Fig.  4,  a  curve  is  plotted  with  (Bas 
ordinates  and  .796  3C  (see  formula  23)  as  abscissas,  then 
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the  ampere-turns  for  a  simple  magnetic  circuit  or  for  any 
portion  of  a  compound  magnetic  circuit  can  be  very  readily 
calculated.     The  curves  in  Fig.  10  were  plotted  in  this  way, 
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that  is,  with  (B  as  ordinates  and  .796  3C  as  abscissas.     Since 

/T 

IT  =   .790  X/,  then  -.,--  =  -TWC)  ac.      Consequently,  .79(3  OC 

is  equal  to  the  ampere-turns  per  centimeter  of  the  length  of 
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the  magnetic  circuit.  On  a  little  investigation  it  will  be 
evident  that  in  Table  II  the  numbers  in  the  columns  headed 
ampere-turns  per  centimeter  length  are  .796  times  as  great 
as  the  corresponding  numbers  in  the  columns  headed 
magnetizing  force  per  square  centimeter.  Thus,  1.973  in 
column  5  =  .796  X  2.48,  the  latter  being  the  corresponding 
number  in  column  3.  All  the  numbers  in  columns  5,  10,  15, 
and  20  were  calculated  in  this  manner.  The  numbers  in 
columns  I  and  5  were  used  to  plot  the  sheet-iron  annealed 
curve  in  Fig.  10.  The  other  curves  in  this  figure  were 
plotted  in  a  similar  manner. 

Suppose,  for  example,  that  we  have  as  a  p>ortion  of  a  com- 
pound magnetic  circuit  a  cast-steel  core  9  centimeters  long 
and  having  a  sectional  area  of  5  square  centimeters,  and  that 
we  desire  to  determine  the  ampere-turns  required  to  produce 
through  it  a  flux  of  80,000  lines  of  force.  This  would  give 
a  flux  density  of  ^-Q|^a  =  16,000  lines  per  square  centi- 
meter.    From  the  curve  for  cast  steel  in  Fig.  10,  we  And 

IT 
that   the   ampere-turns   per    centimeter    length   -^,    that 

is,  .790  3C,  required  to  force  16,000  lines  per  square  centi- 
meter through  cast  steel  is  56.  Then  the  ampere-turns 
required  to  force  the  given  flux  through  the  core  whose 
length  is  9  centimeters  =  56  X  9  =   504  ampere-turns. 

72.  The  curves  in  Fig.  1 1  were  plotted  with  the  flux 
densities  B,  that  is,  lines  of  force  per  square  inch  as  ordi- 
nates,  and  the  ampere-turns  per  inch  length,  that  is,  .313  H 
(see  formula  23),  as  abscissas.  Hence,  these  curves  are  used 
when  the  dimensions  of  the  magnetic  circuit  are  given  in 
inches.  In  Table  II  the  numbers  in  the  columns  headed 
ampere-turns  per  inch  length  are  .313  times  the  corre- 
sponding numbers  in  the  columns  headed  magnetizing  force 
per  square  inch.  All  the  numbers  in  columns  6,  11,  16, 
and  21  were  calculated  in  this  manner.  The  numbers  in 
columns  2  and  6  were  used  to  plot  the  sheet-iron  annealed 
curve  in  Fig.  11.  The  other  curves  in  this  figure  were 
plotted  in  a  similar  manner. 
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Sheet  iron  annealed  is  sometimes  used  when  the  densities 
are  greater  than  125,000  lines  per  square  inch,  and  to  avoid 
making  the  diagram  unnecessarily  large  or  reducing   the 
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scale,  the  curve  beyond  300  ampere-turns  per  inch  length 
has  been  plotted  backwards  and  the  abscissas  belonging  to 
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this  portion  of  this  one  curve  are  placed  above  the  top  line. 
This  portion  ab  oi  the  sheet-iron  curve  happens  to  be 
practically  a  straight  line.  As  an  example,  suppose  that  we 
desired  to  find  the  ampere-turns  required  to  produce  a  den- 
sity  of  135,000  lines  per  square  inch  in  a  piece  of  sheet  iron 
9  inches  long.  We  follow  the  horizontal  line  representing 
135,000  lines  of  force  per  square  inch  in  Fig.  11,  to  the  right 
until  it  intersects  the  line  a  b,  which  it  happens  to  do  at  a 
point  that  has,  according  to  the  scale  mentioned  above,  a 
value  of  about  510.  Hence,  the  ampere-turns  required  to 
force  this  flux  density  through  9  inches  of  sheet  iron  =  510 
X  9  =  4,590  ampere-turns. 

Curves  as  given  in  Figs.  10  and  11  are  used  by  designers 
of  electrical  apparatus  and  machinery  in  preference  to  such 
curves  as  given  in  Figs.  3  and  4. 


65 


Example. — Find  the  ampere-turns  required  to  drive  an  induction  of 
1,000  lines  of  force  through  the  circuit  of  a  horseshoe  magnet  made 


Pio.  12. 


of  cast  iron,  when  a  bar  of  wrought  iron  is  placed  across  its  two  ends, 
but  separated  from  them  by  an  air  gap  of  J  inch.  The  dimensions  of 
the  magnet  and  bar  are  shown  in  Fig.  12. 

Solution  1. — This  magnetic  circuit  is  a  compound  one,  composed  of 
three  different  substances:  (1)  the  cast-iron  magnet,  (2)  the  wrought- 
iron  bar,  and  (3)  the  two  air  gaps. 
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Let  #  =  total  induction; 

/,,  /j,  and  /i  =  the  average  lengths  of  the  magnetic  circuit  in  inches 

in  magnet,  bar,  and  total  air  gap,  respectively ; 
Alt  Atf  and  At  =  the  sectional  areas,  respectively; 
Bi,   Bt>  and  Bs  =  the  magnetic  densities,  respectively; 
Ri ,   Rt,   and  Ra  =  the  reluctances,  respectively ; 

^1,  f^if  and //,  =  the  permeabilities,  when  the  densities  are  Bi,  Bt, 

and  Ba,  respectively. 

By   formula   25,  the   ampere-turns   /T  =  .313  #  (Ri  +  Rt  -4-  Ri). 
By  formula  20,  the  reluctance  of  the  circuit  in  the  cast-iron  magnet  is 

Ri  =     ■  '    .     The   length    of    the   magnetic  circuit   in    the  cast-iron 
A I  fix 

magnet  is  equal  to  the  length  of  the  dotted  line  in  this  portion  of  the 
figure.  The  length  of  this  dotted  line  is  equal  to  half  the  circumfer- 
ence of  a  circle  plus  the  length  of  the  two  straight  ends.  Since  the 
radius  of  the  inner  edge  =  2  in.,  and  the  radius  of  the  outer  edge 
=  2  +  1  =  3  in.,  then  the  mean  radius,  that  is,  the  radius  of  the  dotted 

half-circle  =  — ^-~  =  2J  in.     The  length  of  half  a  circumference  (— s— 

—  IT  r)  having  a  radius  of  2}  in.  =  2.5  x  3.1416  in.  The  length  of  one 
straight  end  of  the  cast-iron  magnet  =  total  height  of  magnet  less  the 
height  of  the  curved  iK>rtion.  The  radius  of  the  outside  edge  is  3  in. ; 
hence,  the  length  of  one  straight  end  =  6  —  3  =  3  in. ;  consequently, 
the  length  of  both  ends  =  2  X  3  =  6  in.  Therefore,  the  total  length 
of  the  mean  path  of  the  lines  of  force  through  the  cast-iron  magnet 
=  /,  =  2.5  X  3.1416  -h  6  =   13.854  in.     The  sectional  area  of  the 

magnet  =  /^i  =  2  x  1  =  2  sq.  m.     By  the  formula  Bi  =  -t-,  the 

Ax 

55  000 
density  =  — ^ —  =  27,500  lines  of  force  per  square  inch.     From  Fig.  6, 

/I. is  about  180  when  B  =  27,500  in  cast  iron.     Then  the  reluctance 

'__/,_  13.854  _ 

"*- :r^  -  2x180  - -^^^ 

The  reluctance  of  the  circuit  in  the  wrought-iron  bar  is  Rs  =      * 


A%n% 

The  length  of  the  magnetic  circuit  in  the  wrought-iron  bar  =  /,  =  5 
+  .25  -h  .25  ■=  5.5  in.     The  sectional  area  of  the  bar  =  ^j  =  2  X  .5 

=  1  sq.  in.     Bs  =     --  =  —  . —  =  55,000  lines  of  force  per  square  inch. 

From  Fig.  5,  fi  is  about  1,520  when  B  =  55,000  in  wrought  iron.     Then 
the  reluctance 

Rt  =  -A-  =  .— ^oA  =  00362 
A^fi^       1  X  1,520 
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The  two  air  gaps  may  be  added  together,  and  in  the  calculations  a 
single  air  gap  of  double  length,  that  is,  2  x  i  =  i  in.,  considered.    The 

reluctance  of  the  circuit  in  the  air  gap  is  Rs  =    .  *    .     The  lenirth  of 

At  fit  ^ 

the  magnetic  circuit  in  the  two  air  gaps  =  /,  =  .5  in.  The  sectional 
area  of  the  air  gap  =  ^i  =  3  X  1  =  2  sq.  in.  In  the  case  of  air,  the 
permeability  fi^  =z  1.     The  reluctance  is  then 

^'  ^    =.26 


Atfi»      2X1 

By  formula  25,  the  necessary  ampere-turns  =  .313  X  55,000  X  (.03848 
+  .00362  -h  .25)  =  .313  X  55,000  X  .2921  =  5,028.50,  which  means  that  a 
magnetizing  force  of  5,029  ampere-turns  will  have  to  circulate  around 
the  magnet  arms  to  force  55,000  lines  of  force  through  the  magnetic 
circuit.     Ans. 

This  example  was  solved  in  the  foregoing  manner  to  show 
how  to  calculate  and  use  the  reluctances  of  the  various  por- 
tions of  a  compound  magnetic  circuit  in  connection  with 
such  curves  as  given  in  Fig.  5.  The  example  could  be 
solved  more  readily  perhaps  in  the  following  manner,  using 
the  curves  for  ampere-turns  as  given  in  Fig.  11. 

Solution  2. — Since  the  cross-section  of  the  magnet  =  2  sq.  in., 
then  the  density  in  the  magnet  =  ^^  =  27,500  lines  of  force  per 
square  inch.  The  ampere-turns  per  inch  length  required  to  produce 
such  a  density  in  cast-iron  is  found,  from  the  cast-iron  curve  in  Fig.  11, 
to  be  47  ampere-turns  per  inch  length.  In  the  previous  solution  it  has 
been  shown  that  the  length  of  the  cast-iron  magnet  =  13.854  in. ; 
hence,  the  ampere-turns  required  to  produce  a  density  of  27,500  lines 
of  force  per  square  inch  throughout  the  whole  length.  13.854  in.,  of 
the  cast-iron  magnet  =  .313  Hi  A  =  47  X  13.854  =  651.14  ampere- 
turns.  The  value  of  .313  Hi,  which  is  47,  is  obtained  directly  from  the 
curve.  In  a  similar  manner  the  ampere-turns  per  inch  length  required 
to  produce  a  density  of  lULooa  _  55^000  lines  per  square  inch  in  the 
wrought-iron  bar  is  found  from  the  wrought-iron  curve  in  Fig.  11  to 
be  13  ampere-turns  per  inch  length.  Hence,  the  ampere-turns  required 
to  produce  a  density  of  55,000  lines  of  force  per  square  inch  throughout 
the  whole  length.  5.5  in.,  of  the  wrought-iron  bar  =  .313  Ha  A 
=  12  X  5.5  =  66  ampere-turns.  The  density  Bs  in  the  air  gap 
=  ssono  _  27,500  lines  per  square  inch.  In  the  air  gap,  ^  =  1;  hence. 
Ha  =  Bs  =  27,500.  Hence,  the  ampere-turns  required  to  produce  a 
density  of  27,500  lines  of  force  per  square  inch  through  the  two  air 
gaps  =  .313  X  27,500  X  5  =  4,303.75  ampere-turns.  Then  the  total 
number   of    ampere-turns    required  to  produce  a  magnetic   flux  of 
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55,000  lines  of  force  in  the  given  magnetic  circuit  =  651.14  +  66 
+  4,303.75  =  5,020.89,  or  5.021  ampere-turns.     Ans. 

By  the  method  preceding  this,  5,029  ampere-turns  were 

,  ^  .      ,        5029-5021  ^^,^         ,^  .    mu       r 

obtamed.      .^^^^   .    ^^..v  = -0015,  or  .15  per  cent.  Therefore 
/5029  +  5021  \  '  ^ 

\  ^  ) 

the  two  results  differ  by  less  than  .2  of  1  per  cent.  Either 
one  is  sufficiently  correct.  The  difference  is  due  to  the  fact 
that  the  curves  cannot  be  plotted  with  sufficient  accuracy  to 
give  closer  results. 

73«  Reduction  of  Field  I>ensity  in  Lines  per  Square 
Centimeter   to    Ampere-Turns   per    Inch   of    Liength.. 

Magnetization  curves  will  frequently  be  found  plotted  with 
JC,  the  lines  of  force  per  square  centimeter  in  air,  for  abscissas 
and  (B,  the  flux  density  in  lines  of  force  per  square  centi- 
meter, for  ordinates,  as  in  Fig.  4,  and  it  may  be  desirable  to 
convert  the  values  taken  from  such  a  curve  into  English 
measure ;  that  is,  (B  into  flux  density  per  square  inch  denoted 
by    B  and  JC  into  ampere-turns  per  inch  of  length.     Now 

1  257  /  T 
3C  =  -^ — J, ,  then  ampere-turns  per  centimeter  of  length 

/  7^  3C 

-— -  =  and    hence    the    ampere-turns    per    inch    of 

2  54  X  *JC 
length  =     '  —  =  2.02  3C,  2.54  being  the   number  of 

1.  *ji07 

centimeters  in  1  inch;  therefore,  the  ampere-turns  per  inch 
of  length  are  approximately  equal  to  2  OC;  in  which  JC  is  the 
magnetizing  force  in  C.  G.  S.  units;  that  is,  the  lines  of 
force  per  square  centimeter  in  air. 

74.  Reduction  of  Flux  Density  in  Lines  per  Square 
Centimeter  to  Lines  per  Square  Inch. — The  flux  density 
B  in  English  measure,  that  is,  the  number  of  lines  of  force 
per  square  inch  in  any  magnetic  substance  =  6.45  (B;  in 
which  (B  is  the  flux  density  in  lines  of  force  per  square  centi- 
meter. Since  there  are  6.45  square  centimeters  in  1  square 
inch,  then  it  is  evident  that  there  will  be  6.45  times  as  many 
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lines  of  force  passing  through  1  square  inch  as  through 
1  square  centimeter  when  the  density  is  the  same;  hence, 
B  =  6.45  (B. 

76,  l>esigrii  of  Electromagrnets. — Although  it  is  beyond 
the  scope  of  this  section  to  take  up  the  design  of  an  electro- 
magnet, it  will  be  well  to  give  here  an  outline  of  the  method 
that  may  often  be  used.  First,  the  total  number  of  lines  of 
force  required  and  then  the  material  to  be  used  are  decided 
on.  Having  selected  the  material  for  the  various  portions 
of  the  magnetic  circuit,  the  magnetic  densities  are  then 
selected,  usually  from  experience,  and  the  corresponding 
values  of  the  magnetizing  forces  are  obtained  from  the  mag- 
netization curves  for  the  materials  used. 

The  sectional  areas  of  the  various  portions  may  then  be 
determined  by  dividing  the  total  flux  by  the  flux  densities. 
The  length  of  each  portion  is  estimated,  the  object  being  to 
make  it  no  longer  than  necessary.  The  length  of  the  cores 
will  depend  on  the  length  of  the  magnetizing  coils,  which  in 
turn  depends  on  the  number  of  turns,  the  size  of  wire,  and 
the  depth  of  the  winding.  The  depth  of  the  winding  must 
be  such  that  the  surface  of  the  coil  will  not  have  to  radiate 
over  from  ^  to  1  watt  per  square  inch ;  that  is,  the  area  divided 
by  /•  R  must  not  exceed  1 ;  /  being  the  magnetizing  current 
and  R  the  resistance  of  the  magnetizing  coil.  The  exact 
amount  of  energy  that  can  be  safely  radiated  per  square 
inch  cannot  be  considered  further  here.  This  comes  prop- 
erly under  the  subject  of  dynamo  design.  Magnets  used 
for  telephone  and  telegraph  apparatus  do  not  usually  depend 
on  this  heating  limit,  but  rather  on  the  resistance  that  will 
allow  a  given  current  to  flow  through  it,  at  the  same  time 
producing  the  necessary  number  of  ampere-turns. 

If  the  lengths  of  the  iron  portions  are  first  estimated,  they 
may  afterwards  be  corrected,  if  necessary.  Since  it  is  the 
air  gap  that  usually  requires  the  greatest  number  of  ampere- 
turns,  a  slight  variation  in  the  lengths  of  the  iron  portions 
of  the  magnetic  circuit  will  not  appreciably  affect  the 
results.      Having   now   the   areas,    lengths,    densities,    and 
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magnetizing  forces  for  the  various  portions,  the  ampere- 
turns  required  to  produce  the  given  flux  in  the  various  por- 
tions may  be  calculated.  Or  the  ampere-turns  for  each 
portion  of  the  compound  magnetic  circuit  may  be  obtained 
directly  from  ampere-turn  curves,  such  as  those  given  in 
Figs.  10  and  11,  after  the  flux  densities  are  known.  The 
sum  of  the  ampere-turns  for  all  portions  gives  the  total 
number  of  ampere-turns  required.  To  assist  in  designing 
the  coils  there  is  generally  given  the  power  in  watts  to  be 
expended  in  the  magnetizing  coil,  the  electromotive  force  in 
volts,  or  the  current  in  amperes.  If  both  the  watts  and 
electromotive  force  are  given,  then  the  current  is  easily 
determined.  If  only  the  watts  are  given,  then  some  standard 
electromotive  force,  such  as  110,  220,  or  500  volts,  is  usually 
taken  and  the  current  calculated.  Having  the  current  and 
the  ampere-turns,  the  total  number  of  turns  may  be 
obtained.  Then  it  is  necessary  to  choose  a  size  of  copper 
wire  for  the  coils  that  will  have  the  proper  resistance  so  as 
to  allow  the  desired  current  to  flow  through  the  coils,  being 
careful  that  the  wire  used  is  large  enough  to  carry  the  cur- 
rent without  undue  heating,  otherwise  the  insulation  may 
be  charred  and  the  coil  will  also  be  inefficient.  On  the  other 
hand,  unnecessarily  large  wire  must  not  be  used  or  it  will 
make  too  large  and  bulky  a  coil,  and  hence  costly  and 
perhaps  inefficient,  because  the  outside  turns  are  too  far 
from  the  iron  core,  or  the  coil  is  unnecessarily  long. 

The  size  of  wire  may  be  calculated,  if  the  voltage  is  known 
and  the  mean  length  of  a  turn  can  be  determined,  by  the 
formula 

A  =  H^,  (29) 

in  which  A  is  the  sectional  area  of  the  wire  in  circular  mils, 
/  the  mean  length  of  one  turn  in  feet,  /  7' the  ampere-turns, 
and  E  the  difference  of  potential  in  volts  across  the  coil. 
The  mean  length  of  one  turn  need  be  calculated  only  ap- 
proximately at  first,  and  later,  if  necessary,  a  more  correct 
yalue  may  be  determined  and  the  formula  again  solved  (or  A, 
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THE  ELECTROMAGNET 


FORMS   OF   EliECTROMAGNETS 

1.  A  magnet  produced  by  inserting  a  magnetic  substance 
in  the  magnetic  circuit  of  a  solenoid  is  an  electromagrnet ; 
the  magnetic  substance  around  which  the  current  circulates 
is    called    the     core     (see        x  . 

Fig.    1).      In  the  ordinary  \     ^      ^      ^     ^      0^      I 

form,  the  magnetizing  coil  f  ^\  :j*r~^^^  1  ^  7^7^  ^V  JJ 
consists  of  a  large  number  (T^  I  J  I  _  I  I  I  ^ ( 
of  turns  of  insulated  zvire  ;  p^^  T^i4~^"  \  7\\^^  \^i 
that  is,  wire  covered  with  a    ^^=— V -^^^^^v-    v^^Air-    v-^^ 

layer   or   coating    of   some  ^^^-  * 

non-conducting  or  insulating  material,  usually  silk  or  cot- 
ton; otherwise  the  current  will  not  circulate  around  the 
magnet  but  will  take  a  shorter  and  easier  circuit  from  one 
coil  to  the  adjacent  one,  or  from  the  first  to  the  last  coil,  by 
passing  through  the  iron  core. 

The  rule  for  determining  the  polarity  of  an  electromag- 
net is  the  same  as  for  a  solenoid.  It  makes  no  difference 
whether  the  wire  is  wound  in  one  layer  or  in  any  number  of 
layers,  whether  it  is  wound  toward  one  end  and  then  back 
over  this  layer  toward  the  other,  or  whether  all  layers  are 
wound  in  the  same  direction;  so  long  as  the  current  circu- 
lates continually  in  the  same  direction  around  the  core,  the 
polarity  of  the  magnet  will  remain  unchanged. 

§5 
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-i.  As  the  practical  designing  of  electromagnets  for  any 
purpose  is  beyond  the  scope  of  this  section,  only  a  few  of 
the  principal  forms  are  illustrated 
here.  The  simplest  form,  shown  in 
Fig.  2,  consists  of  a  straight  bar  of 
iron  or  steel  B  fitted  inside  a  spool 
or  bobbin  C  made  of  hard  vulcan- 
ized rubber,  fiber,  wood,  or  some 
other  inflexible  insulating  material. 
The  magnetizing  coil  of  fine  insu- 
lated copper  wire  w  is  wound  in 
layers  in  the  bobbin. 

''"^'  *  3.     A  convenient  form  of  electro- 

magnet used  for  a  variety  of  purposes  is  the  horseshoe,  or 
U-shsped,    electromagnet,    shown    in    Fig.  3.     It    usually 
consists  of  four  parts,  namely,  two 
iron  rods  .1/,  M,  called  aores,  and 
over  which  are  wound  the  mag- 
netising coils  c;  a  straight  bar  of 
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iron  6,  called  a  foiv,  joining  the  two  cores  together;  and  a 
straight  bar  of  iron  a,  called  the  armature.  When  looking  at 
the  faces  of  the  two  cores,  Fig.  4,  the  current  should  circu- 
late around  one  core  in  an  opposite  direction  to  that  around 
the  other.  If  the  current  should  circulate  around  both  cores 
in  the  same  direction  when  looking  at  their  faces,  the  lines 
of  force  produced  in  the  two  cores  would  oppose  one  another 
and  form  two  like  poles  at  their  free  ends  and  a  consequent 
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pole  in  the  yoke.  The  total  number  of  useful  lines  of  force 
produced  by  both  coils  would,  under  these  conditions,  be 
.greatly  diminished,  and  the  magnet  would  exhibit  very  little 
or  no  magnetic  attraction. 

4.  Another  common  form  of  electromagnet  is  known  as 
the  Iron-clad  eleotromairnet.  In  its  simplest  form,  shown 
in  Fig.  5,  the  central  core,  the  yoke,  and 
the  outside  shell  5  are  made  of  one  piece 
and  completely  surround  and  protect  the 
coil  on  all  sides  except  one  end.  The 
end  M  is  usually  covered  by  a  disk  of 
iron,  thus  forming  practically  a  complete 
magnetic  circuit.  This  form  of  electro- 
magnet requires  but  one  coil  for  its  exci- 
tation. For  some  purposes  the  iron  disk 
at  the  end  M  is  pivoted  so  as  to  act  as  a  '''°-  ' 

movable  armature.  Relays  used  in  telephone  systems  are 
often  constructed  on  this  principle, the  armature  being  allowed 
to  only  move  sufficiently  to  open  and  close  a  local  circuit. 

5.    An  economical 

form  of  an  iron-clad  elec- 

tromagnet   for  lifting 

weights  is  shown  in  Fig.  tl. 

The  magnet  proper  M  is 

made  in  one  casting,  the 

coil  c,  after  being  wound 

''  on    a    suitable    form,    is 

thoroughly  insulated   by 

wrappings  of  cloth,  mica, 

or  tape,  and  then  placed 

around   the    inside    core 

of  the  magnet  and  held 

in  position  by  a  ring  of 

brass  or  other  non-mag- 

i*io.  B  netic   metal  r   wedged 

between  the  core  and  the  outside  shell.     The  connections 

to    the    coil    from   an   outside   source   are   made   to   leads 
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(pronounced  Iccds)  passing  from  the  coil  up  through  holes 
in  the  top  of  the  magnet.  By  designing  the  magnet  short 
in  length  and  large  in  sectional  area,  the  magnetic  circuit 
can  be  made  exceedingly  short  in  proportion  to  its  sectional 
area,  thus  realizing  one  of  the  conditions  of  an  economical 
design. 

6.  Electromagnets  may  be  divided  into  three  general 
classes,  according  to  their  application,  viz. : 

1.     Those  for  lifting  weights  and  loads  by  adhesion. 

2-  Those  for  producing  mechanical  motion  in  an  armature 
or  a  keeper;  that  is,  for  attracting  an  armature  or  a  keeper 
through  a  distance. 

3.  Those  for  producing  a  magnetic  field  for  dynamo- 
electric  machines,  and  called  field  magnets. 


PUL.L.   OF   AN   ELECTROMAGNET 

7.     The  formula  for  the  pull  of  a  magnet  upon  its  arma- 

ture   is   /^  =  — ,*  in  which  F  is  the  force,   or   pull,  in 

dynes,  (B  the  magnetic  density  at  the  polar  surface  in  lines 
of  force  per  square  centimeter,  and  A'  the  area  of  the  polar 
surfaces  in  square  centimeters.  This  fundamental  expres- 
sion for  F  may  be  easily  transformed  to  one  in  which  square 
inches  and  pounds  are  used  as  the  units  of  measurement. 
A  force  of  1  gram  is  equivalent  to  981  dynes,  and  there  are 
453.6  grams  in  a  pound,  so  that  we  may  write 

8  X  ^  x'981  X  453.6        11,183,600'  ^^^^^^         ^^) 

where      F  =  pull  in  pounds; 

(B  =  magnetic  density  in  lines   per   square  centi- 
meter; 
A'  =  polar  area  in  square  centimeters. 


*The  derivation  of  this  expression  requires  the  use  of  mplheniatics 
and  a  knowledge  of  the  theories  of  electricity  and  magnetism  that  are 
beyond  the  scope  of  this  Course. 
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One  square  inch  is  equal  to  6.45  square  centimeters,  so  that 

if  we  wish  to  express  the  magnetic  density  and  polar  area  in 

terms  of  square-inch  units  instead  of  square  centimeters,  we 

...  ,  c-  B'  X  W  X  0.45 

will  have,  F  =  -  __^--._^^,  or 

where      F  =  pull  in  pounds; 

B  =  magnetic  density  in  lines  per  square  inch ; 
A  =  polar  area  in  square  inches. 

That  is,  the  tractive  force  of  a  magnet  increases  directly 
as  the  total  area  of  the  surface  in  contact  with  the  armature, 
and  as  the  square  of  the  density  of  the  lines  of  force  in  the 
magnetic  circuit  where  it  passes  across  that  surface.  For- 
mulas 1  and  2  assume  that  the  distribution  of  the  lines  of 
force  is  uniform  throughout  the  entire  contact  surface.  In 
actual  practice  it  is  impossible  to  obtain  this  result  on 
account  of  magnetic  leakage  and  other  causes.  The  calcu- 
lated load  and  the  actual  load  lifted  will  generally  differ — 
the  actual  being  somewhat  less  than  the  calculated,  due  to 
the  fact  that  some  of  the  magnetic  lines  leak  away  from  the 
attracting  surfaces. 

In  nearly  all  electromagnets  designed  for  traction  there 
will  be  two  contact  surfaces,  one  at  the  north  pole  of  the 
magnet  and  the  other  at  the  south  pole ;  or,  in  other  words, 
the  total  lines  of  force  developed  in  the  magnetic  circuit  are 
used  twice  in  producing  the  traction  of  the  magnet.  If  the 
two  contact  surfaces  are  symmetrical  and  equal  in  area,  the 
total  tractive  force  of  the  magnet  will  be  twice  the  result 
obtained  by  considering  one  contact  surface  alone;  but  if 
the  contact  surfaces  are  unlike,  the  tractive  force  exerted 
by  each  surface  should  be  calculated  separately,  and  the  two 
results  thus  obtained  added  together. 

Example. — What  will  be  the  approximate  pull,  in  pounds,  exerted 
on  the  armature  of  a  horseshoe-shaped  electromagnet,  when  the  arma- 
ture is  in  contact  with  the  cores  and  the  current  used  is  \  ampere  ? 
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The  length  of  the  entire  magnetic  circuit  is  6.75  inches,  the  polar  area 
of  one  end  of  one  core  is  .166  square  inch,  and  the  total  number  of 
turns  of  wire  on  the  two  coils  is  940.  The  iron  is  extremely  soft  and 
permeable  and  the  magnetization  curve  between  H  and  B  for  annealed 
wrought  iron  given  in  a  previous  section  may  be  assumed  to  apply  to 
it.  It  may  also  be  assumed  that  the  flux  density  is  constant  through* 
out  the  magnetic  circuit. 

Solution. — It  is  first  necessary  to  determine  the  flux  density  B  at 

8  192  I  T 

the  polar  surfaces.     By  the  formula  H  =  -^ — -, ,  the  magnetizing 

force 

H=  °-^^  ^g-g  ^  '^  =  8.192  X  84.8 

=  111.08  or  111  lines  of  force  per  square  inch 

By  consulting  the  curve  for  annealed  wrought  iron  in  the  figure 
referred  to  above,  we  find  that  this  magnetizing  force  gives  a  flux 
density  B  of  about  94,400  lines  of  force  per  square  inch. 

By  substituting  in  the  formula  F  =  rro  n>.i  iuvi*  ^®  %^^ 

^      (94,400y  X  2  X  .166        .,  ^,  ,,        .^ 
^= 72,134,000 =  41.01  lb.     Ans. 


MAGNETIC   liEAKAGE 

4 

8,  All  the  lines  of  force  produced  by  a  magnetomotive 
force  cannot  be  confined  along  one  path ;  some  stray  from 
the  main  circuit  and  take  shorter  paths;  these  constitute 
magnetic  leakag^e.  The  amount  of  this  leakage  depends 
on  the  uniformity  of  the  reluctance  of  the  main  circuit  at 
all  points — being  least  with  the  greatest  uniformity.  Its 
nature  may  be  better  understood  by  remembering  that  air 
is  really  a  magnetic  conductor,  although  its  reluctance  is 
much  greater  than  that  of  iron  or  other  magnetic  substance. 
Consequently,  when  the  reluctance  of  the  main  circuit 
becomes  large  at  any  point,  some  of  the  lines  of  force  find  a 
shorter  and  easier  path  for  themselves  through  the  surround- 
ing air. 

Fig.  7  represents  a  U-shaped  electromagnet  made  of  iron 
with  a  keeper  of  the  same  metal  and  sectional  area.     By 
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placing  the  keeper  tightly  against  the  two  ends,  the  reluc- 
tance becomes  practically  uniform  throughout   the  entire 


magnetic  circuit,  and  there  is  no  perceptible  leakage  at  any 
place.  But  if  the  reluctance  of  the  circuit  is  changed  by 
separating  the  keeper  from  the  ends  of  the  magnet  by  a 
small  air  gap,  as  in  Pig.  H,  the  conditions  are  altered.     In 


the  first  place,  the  total  number  of  lines  of  force  will  be 
reduced  in  all  parts  of  the  circuit,  and  in  the  second,  some 
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of  the  lines  will  leak  across  from  end  to  end  of  the  magnet 
without  passing  through  the  keeper.  The  larger  the  air  gap 
between  the  keeper  and  the  magnet,  the  greater  will  be  the 
magnetic  leakage.  An  approximate  idea  of  the  magnetic 
leakage  is  shown  in  Fig.  9,  where  the  keeper  is  placed  at  a 
considerable  distance  from  th^  ends  of  the  magnet ;  Fig.  10 
shows  the  state  of  the  lines  of  force  when  the  keeper  is 
removed  entirely. 

9.  Calculating:,  tlie  Maiarnetic  licakaf^e.  —  Magnetic 
leakage  may  be  defined  as  the  difference  between  the  total 
number  of  lines  of  force  produced  by  the  magnetomotive 
force  and  the  number  that  are  useful  in  attracting  or  lifting 
a  given  weight.  As  no  definite  laws  govern  magnetic  leakage, 
it  is  almost  impossible  to  calculate  the  number  of  stray  lines 
of  force  in  any  compound  magnetic  circuit.  After  a  mag- 
net is  built,  the  leakage  can  be  determined  with  the  proper 
instruments  and  under  certain  conditions.  But  in  general, 
if  the  magnetic  circuit  is  composed  of  magnetic  substances 
whose  permeabilities  are  high  and  no  large  air  gaps  are  to 
be  crossed,  the  magnetic  leakage  will  be  small. 

If  the  total  number  of  lines  of  force  produced  by  the  mag- 
netizing coils  and  the  useful  number  are  known,  the  mag- 
netic leakage  can  be  expressed  by  a  per  cent,  of  the  total 
number  produced.     Thus, 

Let  0  =  total  number  of  lines  of  force; 

0^  =  number  of  useful  lines  of  force; 
<P,  =  number  of  stray  lines  of  force; 
p  =  per  cent,  of  leakage. 


Thea 


0,=  <P^0^         (3) 


For  example,  assuming  that  60,000  lines  of  force  are  pro- 
duced by  the  magnetizing  coils  of  an  electromagnet,  and 
that  only  42,000  are  useful  in  attracting  an  armature  or 
lifting  a  weight,  then,  by  this  formula,  the  number  of  stray 
lines  of  force  0.  =  60,000  --  42,000  =  18,000. 
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The  percentage  of  leakage  is  found  from  the  formula 

/  =  '-^  (4) 

That  is  to  say,  the  percentage  of  leakage  is  found  by 
dividing  the  number  of  stray  lines  of  force  by  the  total 
number  produced  and  multiplying  the  quotient  by  100.  In 
the  above  case 

10.  To  find  the  total  number  of  lines  of  force  when  the 
percentage  of  leakage  and  the  number  of  useful  lines  of 
force  are  known,  use  the  following  formula: 

100-/  ^^ 

Here  we  divide  the  useful  lines  of  force  by  100  minus  the 
per  cent,  leakage  and  multiply  the  quotient  by  100. 

Example. — Assuming  that  the  magnetic  leakage  in  an  electromag- 
net is  26  per  cent,  and  that  there  are  75,000  useful  lines  of  force,  how 
many  lines  of  force  are  produced  by  the  magnetizing  coils  ? 

Solution. — By  the  last  formula  the  total  lines  of  force 
.        100X75,000        7,500.000        .^AnnA 

*  =  "100^:^5-  =  —75—  =  ^^'^ 

total  lines  of  force  produced  by  the  magnetizing  coils.     Ans. 


EXAMPLES  FOR  PRACTICE 

1.  100,000  lin6s  of  force  are  produced  by  the  magnetizing  coils  of 
an  electromagnet  and  only  40,000  are  useful.  What  is  the  percent- 
age leakage  ?  Ans.  60^  leakage 

2.  In  an  electromagnet  there  are  27,000  stray  lines  of  force  and 
63,000  useful ;  find  the  percentage  of  leakage.  Ans.  'S0%  leakage 

3.  The  magnetic  leakage  in  an  electromagnet  is  45  per  cent,  and 
there  are  110,000  useful  lines  of  force;  find  the  total  number  of  lines 
produced  by  the  magnetizing  coils.  Ans.  200,000  lines  of  force 

4.  If  the  magnetic  leakage  in  an  electromagnet  is  35  per  cent,  and 
there  are  60,000  lines  of  force  produced  by  the  magnetizing  coils,  how 
many  lines  of  force  are  useful  ?  Ans.  39,000  useful  lines  of  force 
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ELECTBOMAGNETISM 


REACTION  BETWEEN   CURRENTS  AND  MAGNETIC 

FIELiDS 


ACTION  OP  A  CITRRENT  OX  A  MAGNET 

11.  If  a  conductor  conveying  a  current  of  electricity  be 
brought  near  a  freely  suspended  magnetic  needle,  the  nee- 
dle will  tend  to  place  itself  at  right  angles  to  the  conductor, 
as  indicated  by  the  arrows  in  Fig.  11.  Thus  it  is  evident 
that  an  electric  current  and  a  magnet  exert  a  mutual  force 
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on  each  other.  Since  a  magnetic  field  is  a  region  in  which  a 
magnetic  needle  is  acted  on  by  a  force  tending  to  turn  it  in 
some  direction  or  other,  it  follows  that  the  space  surround- 
ing a  conductor,  when  an  electric  current  is  flowing  through 
it,  is  a  magnetic  field. 

If  the  experiment  illustrated  in  Fig.  11  is  tried  under 
ordinary  conditions,  there  is  generally  a  disturbing  influence 
due  to  the  magnetism  of  the  earth,  and  the  compass  needle 
can  scarcely  ever  be  made  to  set  itself  exactly  at  right 
angles  to  the  wire  in  all  positions. 

12«  If  the  current  in  a  horizontal  conductor  is  flowing 
toward  the  north  and  a  compass  is  placed  under  the  wire, 


§5 


ELECTROMAGNETIC    INDUCTION 


11 


the  north  pole  of  the  needle  will  be  deflected  toward  the 
west;  by  placing  the  compass  over  the  wire,  the  north  pole 
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Fig.  18 


of  the  needle  will  be  deflected  toward  the  east  (see  Fig.  12). 
Reverse  the  direction  of  the  current  in  the  conductor,  and 
the  needle  will  point  in  the  opposite  direction  in  each  case, 
respectively. 

If  the  conductor  is  placed  over  the  needle  and  then  bent 
back  under  it,  forming  a  loop,  as  shown  in  Fig.  13,  the 
tendency  of  the  current 
in  both  top  and  bottom 
portions  of  the  wire  is  to 
deflect  the  north  pole  of 
the  needle  in  the  same 
direction.  From  these 
experiments,  knowing 
the  direction  of  current 
in  the  conductor,  the  fol- 
lowing rule  is  deduced 
for  the  direction  of  the 
lines  of  force  around  the 
conductor: 

Rule. — If  the  current 
is  flowing  ijt  the  conductor 
away  front  the  observer^  fig.  h 

then  the  direction  of  the  lines   of  force  zvill  be  around  the 
conductor   in   the  direction   of  the  hands   of  a   watch. 
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The  direction  of  the  lines  of  force  around  a  conductor  is 
shown  by  the  arrowheads  and  compass  needles  in  Fig.  14, 
where  the  current  is  assumed  to  be  flowing  downwards,  or 
away  from  the  observer. 

If  the  direction  of  the  current  is  reversed,  the  direction  of 
the  lines  of  force  around  the  conductor  will  also  be  reversed. 


ACTION  OF  ONB  CITKRENT  ON  ANOTHBR 

13.  Two  parallel  conductors,  both  transmitting  currents 
of  electricity,  are  either  mutually  attractive  or  repellent, 
depending  on  the  relative  direction  of  their  currents.  If 
the  currents  are  flowing  in  the  same  direction  in  both  con- 
ductors, as  represented  in  Fig.  15,  the  lines  of  force  tend  to 
surround  both  conductors  and  contract,  thus  causing  the 
conductors  to  attract  each  other.  If,  however,  the  currents 
are  flowing  in  opposite  directions,  as  represented  in  Fig.  16, 


the  lines  of  force  lying  between  the  conductors  have  the 
same  direction,  and  therefore  the  conductors  repel  each 
other. 


MA«NETK;  K1ELI>  AROl'ND  A  SOLKNOID 

14.  If  the  conductor  carrying  the  current  is  bent  into 
the  form  of  a  loop,  as  shown  in  Fig.  17,  then  all  the  lines  of 
force  around  the  conductor  thread  through  the  loop  in  the 
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same  direction.     Any  magnetic  substance,  therefore,  such 
as  M,  when  placed  in  front  of  the  loop,  will  tend  to  place 


itself  with  its  longest  axis  projecting  into  the  loop;  that  is, 
in  the  direction  of  the  lines  of  force. 

By  bending  the  conductor  into  a  long  helix  of  several 
loops,  the  lines  of  force  around  and  inside  each  loop  will 
coincide    in    direction 
with  those  around  and 
inside  the  adjacent 
loops,   forming    the 
equivalent    of    several 
long  lines  of  force  that    * 
thread    through    the    - 
entire  helix,   entering    '- 
at  one  end  and  passing 
out  through  the  other. 
The   same    conditions 
now  exist  in  the  helix 
as  exist  in  a  bar  mag- 
net; namely,  the  lines  ""■  '* 
of  force  pass  out  from  one  end  and  enter  the  other.     The 
imaginary  appearance  of  a  magnetic  field  produced  around 
a  solenoid  through  which  a  current  is  flowing  is  shown  in 
Fig.  18.     In  fact,  the  helix  possesses  a  north  and  south  pole, 
a  neutral  line,  and  all  the  properties  of  attraction  and  repul- 
sion of  a  magnet.     If  it  is  suspended  in  a  horizontal  position 
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and  free  to  turn,  it  will  come  to  rest  pointing  in  a  north- 
south  direction. 

A  helix  containing  a  number  of  turns  of  wire  through 
which  a  current  of  electricity  is  flowing  is  called  a  solenoid. 
The  polarity  of  a  solenoid,  or  the  direction  of  the  lines  of 
force  that  thread  through  it,  depends  on  the  direction  in 
which  the  conductor  is  coiled  and  the  direction  of  the  cur- 
rent in  the  conductor. 

By  means  of  the  following  rule  the  polarity  of  a  solenoid 
may  be  determined  if  the  direction  of  the  current  is  known : 

Rule. — In  looking  at  the  end  of  the  helix ^  if  the  curre?tt 
flows  around  it  in  the  direction  of  the  hands  of  a  watch,  that 

end  will  be  a  south  pole  ;  if 
in  the  other  direction,  it  will 
be  a  north  pole. 

Fig.    19    represents   a 
conductor  coiled  in  a  right- 
^'®-  ^^  handed  helix.     If  the  cur- 

rent flows  into  the  coil  from  the  end  where  the  observer 
stands,  that  end  will  be  a  south  pole,  and  the  observer  will 
be  looking  through  the  helix  in  the  direction  of  the  lines  of 
force.  The  polarity  of  a  solenoid  can  be  reversed  by  revers- 
ing the  direction  of  the  current  in  the  conductor. 


INDUCED   CURRENTS 

15.     Magrnet   Inducing:  a  Current   in   a   Coil.  —  The 

reaction  between  magnetic  lines  of  force  and  a  conductor 
forming  a  closed  circuit  can  be  shown  by  the  following 
experiments,  which  any  one  can  readily  try.  In  Fig.  20,  a 
is  a  solenoid  whose  terminal  wires  c,  d  are  wound  a  number 
of  times  around  an  ordinary  compass  c  in  the  same  direction 
that  the  needle  ordinarily  points,  that  is,  in  a  north-and- 
south  direction.  If  a  current  passes  through  the.  wires 
around  the  compass,  it  will  cause  the  compass  needle  to 
swing  either  to  the  right  or  left,  depending  on  the  direction 
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of  the  current.  If  the  bar  magnet  b  is  moved  quickly  into 
the  interior  of  the  solenoid,  the  compass  needle  will  swing 
through  an  angle,  proving  that  a  current  has  been  passing 
through  the  solenoid.  As  soon  as  the  magnet  stops  its 
motion,  the  needle  will  swing  back  to  its  initial  position 
and  come  to  rest. 

When  the  magnet  is 
withdrawn  from  the  solen- 
oid, the  needle  will  again 
swing  through  an  angle, 
but  in  an  opposite  direc-  i 
tion  to  that  of  its  first 
deviation,  proving  that  in  ' 
this  instance  again  a  cur- 
rent was  started,  but  in  an 
opposite  direction  to  the 
former  current. 

It  will  also  be  found  that 
no  current  flows  as  long  as 
the  magnet  remains  sta- 
tionary, but  only  when  a 
change  takes  place  in  the  '°' 

position  of  the  magnet.  The  quicker  these  motions  are 
made,  the  more  will  the  needle  deviate,  and,  consequently, 
,  the  stronger  must  have  been  the  current  in  the  coil 
around  the  compass.  Of  course,  the  same  effects  will  be 
produced  if  the  bar  magnet  is  stationary  and  the  coil 
is  moved. 

16.  A  Solenoid  Conveying  a  Current  Acting  as  a 
Magnet. — If  the  magnet  b  is  replaced  by  a  solenoid  b  in 
which  a  current  is  flowing,  as  represented  in  Fig.  21,  similar 
results  may  be  produced.  When  the  solenoid  b  is  thrust  into 
the  solenoid  a,  a  current  will  be  induced  in  the  solenoid  a,  in  a 
direction  opposite  to  the  current  that  will  be  induced  when  the 
solenoid  b  is  removed.  It  is  further  found  that  if  the  solenoid  b, 
when  conveying  a  current,  is  placed  inside  the  solenoid  a,  and 
the  circuit  of  the  solenoid^  is  broken,  a  current  will  flow  in  the 
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solenoid  a  in  the  same  direction  as  if  the  solenoid  d  had  been 
suddenly  withdrawn  while  a  current  was  flowing  through  it. 
Likewise  it  is  found  that  on  closing  the  circuit  of  d  the 
effect  on  the  solenoid  a  will  be  the  same  as  if  the  solenoid  6, 
while  conveying  a  current,  had  been  reinserted.  In  fact, 
any   strengthening   or   weakening   of    the   current    in   the 


solenoid  d  has  the  same  effect  as  if  the  coil  was  approach- 
ing or  receding  from  the  solenoid  a. 

We  see,  then,  that  a  current  is  flowing  through  the  coil  a 
only  when  one  of  the  coils  moves  relatively  to  the  other,  or 
when  the  current  in  the  coil  i  is  changing  in  strength.  As 
long  as  both  coils  remain  stationary,  or  the  current  in  the 
coil  d  does  not  vary  in  strength,  no  current  will  flow  in  the 
coil  a. 

That,  in  these  experiments,  the  magnet  ^  and  the  coil  i 
both  have  the  same  effects  on  the  coil  a  should  nqt  be  sur- 
prising, as  it  has  been  shown  that  a  solenoid,  through  which 
a  current  is  flowing,  produces  lines  of  force  that  pass 
through  and  around  it  in  the  same  manner  as  those  of  a 
permanent  magnet. 
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In  Fig.  22  the  coii  a,  in  which  we  wish  to  induce  a  cur- 
rent, is  shown  in  cross-section,  and  the  magnet  d  is  sur- 
rounded by  dotted  lines  *,,  in- 
dicating the  position  and  direc- 
tion  of   its  magnetic  lines  of 
force.   These  lines  of  force  pass 
through  the  surrounding  cop-         ,' 
per    wires    without    being  di-      /  /' 

verted  from  their  course,  and     ^   '  ■  •» 

as  if  the  wires  did  not  exist,      ,  \ 
If,  now,  the  magnet  is  moved       \  '" 
downwards,  these  lines  of  force 
will    pass   across   the   various 
turns  of  wire  in  the  coils,  and 
a  certain  interaction  between 
the  conductor  and  the  lines  of 
force  will  take  place,   where- 
by  an  electromotive   force  is  ^^'  ** 
created   in   the   coil.      There  will   then   be  a  tendency  to 
start  a  current,  and  if  the  circuit  is  closed,  as  in  Figs.  20 
and  21,  a  current  will  flow  in  the  coil  and  show  its  pres- 
ence by  its  action  on  the  compass  e. 


MOTION  OP  A  CONDITCTOB  IN  A  MAGNETIC  FIELD 

17.  It  has  been  shown  that  a  magnet  and  a  conductor 
carrying  a  current  of  electricity  exert  a  mutual  force  on 
each  other ;  or,  in  other  words,  each  tends  to  produce  motion 
in  the  other.  In  general,  when  a  conductor  carrying  a 
current  of  electricity  is  placed  in  a  magnetic  field,  the  con- 
ductor will  tend  to  move  in  a  definite  direction  and  with 
a  certain  force,  depending  on  the  strength  and  direction  of 
the  current  and  on  the  direction  and  density  of  the  lines  of 
force.  The  direction  of  motion  of  a  conductor  carrying  a 
current  of  electricity  when  placed  in  a  magnetic  field  may 
be  determined  by  the  following  rule: 
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Rule — Place  thumb,  forefinger,  and  middle  finger  of  the 
left  hand  each  at  right  angles  to  the  other  two,  as  sho^on  tn 
Fig.  S3  ;  if  the  forefinger  shows  the 
direction  of  the  lines  of  force  and 
the  middle  finger  shoit-s  the  direction 
of  the  current,  then  the  thumb  will 
show  the  direction  of  motion  gii-en  to 
the  conductor. 

By  keeping  the  three  fingers 
always  at  right  angles  to  one 
another,  this  rule  may  be  applied 
to  determine  the  direction  of  motion  of  a  conductor  in  any 
case  in  which  the  lines  of  force  and  the  current  are  at  right 
angles  to  each  other;  for  the  hand  as  a  whole  may  be  turned 
or  placed  in  any  position  that  may  be  necessary  to  make  the 
middle  and  the  forefinger  point  in  the  proper  directions. 

18.     The  direction  of  motion  produced  in  the  conductor 
can  also  be  graphically  shown.     In  Fig.  24,  the  dots  represent 
an  end  view  of  the  lines  of  force,  and  the  heavy  line  a  con- 
ductor conveying  a  current  of  electricity.     If  the  direction 
of  the  lines  of  force  is  down- 
wards, that   is,  away  from 
the   reader  and   perpendic- 
ular to  the  paper,  and  if  the 
current  flows  in  the  direc- 
tion indicated  by  the  arrow 
heads    on     the    conductor, 
then  the  conductor  will  be 
moved  bodily  to  the  right, 
as    indicated    by    the    two 
arrows. 

This  action   is  also   true 
of   an   electric   arc   passing  fhi« 

through  a  magnetic  field,  that  is,  a  current  of  electricity  pass- 
ing or  Jumping  in  the  form  of  a  continuous  spark  between  two 
electrodes  across  an  air  space  traversed  by  lines  of  force, 
as  indicated  in  Fig,  'lb.     The  arc  or  spark  will  be  impelled 
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to  one  side  in  the  same  direction  as  the  conductor  in  the 
previous  case.     If  the  electrodes  remain  in  a  fixed  position 

relative  to  the  magnetic  field,  the 
arc  may  be  blown  out,  that  is, 
the  spark  may  be  extinguished, 
in  which  case  the  current  will 
cease  to  flow  in  the  circuit.     In 
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both  cases  the  motion  is  caused  by  the  mutual  action  of 
the  lines  of  force  in  the  magnetic  field  and  those  produced 
by  the  current  itself,  as  indicated  in  Fig.  26,  where  the 
current  is  assumed  to  be  flowing  downwards,  that  is,  per- 
pendicular to  the  paper  and  away  from  the  reader.  The 
lines  of  force  in  the  magnetic  field  tend  to  coincide  in  direc- 
tion with  those  around  the  current,  and  in  doing  so  exert 
a  crowding  effect  on  the  lines  of  force  produced  by  the 
current,  thereby  tending  to  move  the  conductor  or  the  arc, 
as  the  case  may  be. 

19,  The  converse  of  this 
effect  is  also  true,  namely, 
when  a  conductor  forming  a 
closed  circuit  is  moved  across 
a  magnetic  field  at  right 
angles  to  the  lines  of  force, 
a  current  is  induced  in  the 
conductor. 

This  statement  will  be  bet- 
ter understood  by  compar- 
ing the  action  in  Fig.  24 
with  that  in  Fig.  27.  In 
the  former  case,  when  a  current  is  flowing  in  the  direction 
indicated  by  the  arrowheads,  the  conductor  will  move  bodily 
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to  the  right.  In  Fig.  27,  however,  when  the  conductor  is 
moved  to  the  right  by  some  exterior  means  a  current  is 
induced  in  it  which  tends  to  flow  in  an  opposite  direction 
to  the  current  that  produces  the  same  motion  in  the  former 
case. 

This  generation  of  current  is  more  correctly  explained  by 
saying  that  the  motion  of  the  conductor  across  the  lines  of 
force  set  up  by  the  magnet  produces  an  electromotive  force 
in  the  conductor,  which,  when  the  circuit  is  completed, 
causes  a  current  to  flow.  The  direction  of  the  current 
induced  in  the  conductor  will  be  at  right  angles  to  the  lines 
of  force  and  to  the  direction  of  motion  of  the  conductor. 
The  direction  of  induced  currents  may  be  easily  determined 
by  the  following  rule : 

Rule. — Place  thuvib,  forefifiger^  and  middle  finger  of  thi 
right  hand  each  at  right  angles  to  the  other  two  ;   if  the  fore* 

finger  shows    the    direction  of  the 
lines  of  force  and  the  thumb  shows 
the  direction  of  motion  of  conductor^ 
^**»*toi»  ^'^^  middle  finger  will  show  the  di- 
^y^^       '•'^  **•«•*.      rection  of  the  induced  current  (see 

By  keeping  the  three  fingers 
always  at  right  angles  to  one 
another,  this  rule  may  be  ap- 
plied to  determine  the  direction  of 
an  induced  current  in  any  case  in  which  the  lines  of  force 
and  the  direction  of  motion  of  a  conductor  are  at  right  angles 
to  each  other;  for  the  hand  as  a  whole  may  be  placed  in  any 
position  that  may  be  necessary  to  make  the  forefinger  and 
the  thumb  point  in  the  proper  directions. 

20«  The  positive  end  of  a  conductor  in  which  an  electro- 
motive force  is  generated  by  moving  it  across  a  magnetic 
field  is  that  end  toward  which  the  current  tends  to  flow;  the 
nefi^atlve  end  is  that  from  which  the  current  tends  to  flow. 
Thus  in  Fig.  27,  the  upper  end  of  the  heavy  moving  con- 
ductor in  which  the  electromotive  force  is  generated  is  the 
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positive  end,  and  the  lower  end  is  the  negative.  Conse- 
quently the  current  flows  from  the  negative  to  the  positive 
terminals  of  the  conductor  in  which  the  electromotive  force 
is  generated,  and  from  the  positive  to  the  negative  ter- 
minals through  the  external  conductor. 

It  has  been  shown  that  an  electric  current  will  be  induced 
in  a  coiled  conductor  when  a  pole  of  a  magnet  is  sud- 
denly inserted  into  the  coil.  The  current  will  be  continu- 
ous as  long  as  there  is  a  change  in  the  same  direction  in  the 
number  of  lines  of  force  passing  through  the  coil,  but  the 
current  will  cease  to  flow  when  the  number  of  lines  of  force 
becomes  constant,  that  is,  when  the  lines  of  force  inside  the 
coil  do  not  increase  or  diminish  in  number.  The  induced 
current  will  flow  in  the  one  direction  if  the  number  of  lines 
of  force  are  increasing,  and  in  the  opposite  direction  if  the 
number  of  lines  ot  force  are  decreasing. 

In  reality,  currents  produced  in  a  conductor  cutting  lines 
of  force  and  currents  induced  in  a  coiled  conductor  by  a 
change  in  the  number  of  lines  of  force  that  pass  through  the 
coil  are  due  to  the  same  motion,  for  every  conductor  carry- 
ing a  current  of  electricity  forms  a  closed  coil,  and  every 
line  of  force  is  a  complete  magnetic  circuit  by  itself.  Con- 
sequently, when  any  part  of  a  closed  coil  is  cutting  lines  of 
force,  the  lines  of  force  are  passing  through  the  coil  in  a 
definite  direction,  and  changing  at  the  same  rate  as  the  cut- 
ting. In  many  calculations,  however,  it  is  more  convenient  to 
make  a  distinction  between  the  two  cases,  and  to  consider 
that  the  current  or,  more  strictly,  the  E.  M.  F.,  in  the  first 
case  is  generated  by  a  conductor  of  a  certain  length  cutting 
the  lines  of  force  at  right  angles ;  while,  in  the  second  case, 
the  current  in  a  closed  coil  is  induced  by  a  change  in  the 
number  of  lines  of  force  passing  through  the  coil. 

21.  The  action  of  induced  currents  can  be  shown  by 
a  closed  coil  of  any  conducting  material  moving  in  a  mag- 
netic field.  If  it  is  moved  in  a  uniform  field  along  the  lines 
of  force,  as  in  Fig.  29,  so  that  only  the  same  number  of 
lines  of  force  pass  through  it,  no  current  will  be  generated. 
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Or,  if  the  coil  be  moved  across  the  lines  of  force  in  a  uniform 
field,  Fig.  30,  as  many  lines  of  force  are  left  behind  as  are 
gained  in  advancing,  and  there  is,  consequently,  no  change 
in  the  number  of  lines  of  force  passing  through  the  coil; 
hence  there   will   be   no  current   generated   in   it. 


N 
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Rotating  the  coil  on  a  central  axis  perpendicular  to  the 
plane  of  the  coil,  like  the  rim  of  a  pulley,  will  not  generate 
a  current,  because  there  is  no  change  in  the  number  of  lines 
of  force  passing  through  the  loop.     But  if,  as  in  Fig.  31,  the 
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coil  be  tilted  as  it  is  moved  across  the  uniform  field,  or 
rotated  around  any  axis  in*  its  own  plane,  then  the  number 
of  lines  of  force  that  pass  through  it  will  be  altered  and 
a  current  will  be  generated.  Where  the  magnetic  field  is 
not  uniform,  the  removal  of  the  coil  bodily  from  a  place 
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where  the  lines  of  force  are  dense  to  where  they  are  less 
dense,  as  from  position  1  to  position  2  in  Fig.  32,  will  cause 
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the  generation  of  a  current  in  the  coil ;  or  if  the  coil  is  moved 
to  a  place  where  the  direction  of  the  lines  of  force  is  reversed, 
the  effect  will  be  the  same. 


PlO.  82 

22.  The  direction  of  induced  currents  in  a  closed  coil 
may  be  determined  by  the  following  rule: 

Bule. — If  the  effect  of  t/ie  movement  is  to  diviinish  the 
number  of  lines  of  force  that  pass  through  the  coil^  the  cur- 
rent will  floiv  in  the  conductor  i?i  the  direction  of  the  hands 
of  a  watch^  as  viewed  by  a  person  looking  along  the  magnetic 
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field  in  the  direction  of  the  lines  of  force  ;  but  if  the  effect  is 
to  increase  the  number  of  lines  of  force  that  pass  through  the 
coil^  the  current  will  floiv  in  the  opposite  direction. 

In  the  explanations  just  given,  it  was  stated  that  currents 
are  generated  by  moving  the  conductor  in  a  magnetic  field. 
It  must  be  remembered,  however  as  shown  in  the  begin- 
ning, that  a  current  is  merely  the  equalization  of  a  differ- 
ence of  potential.  Strictly  speaking,  therefore,  it  is  not 
actually  a  current,  but  an  electromotive  force,  that  is  devel- 
oped by  induction  in  the  moving  conductor;  for,  on  opening 
the  circuit,  the  electromotive  force  will  still  exist,  but  no 
current  can  flow.  The  word  current  is  used  merely  to  avoid 
complication. 


DETERMINATION  OF  KI^ECTROMOTrVTC  FORCE 

23.  The  electromotive  force  generated  in  a  conductor 
cutting  lines  of  force  at  right  angles  is  proportional  to  the 
rate  of  cutting:,  which  is  found  by  dividing  the  number  of 
lines  cut  by  the  time  taken  to  cut  them.  One  absolute  unit 
of  electromotive  force  is  generated  in  a  conductor  when  it  is 
cutting  lines  of  force  at  the  rate  of  one  line  of  force  per 
second.  By  definition,  1  volt  is  equal  to  100,000,000  (10") 
C.  G.  S.  or  absolute  units;  consequently,  in  order  to  gener- 
ate an  electromotive  force  of  one  volt,  the  rate  of  cutting 
must  be  10"  lines  of  force  per  second.  This  can  also  be 
expressed  algebraically. 

Let  E  =  the  electromotive  force  in  volts; 

^  =  the  total  number  of  lines  of  force  cut  by  the  con- 
ductor; 
/  =  time  in  seconds  taken  to  cut  ^  lines  of  force. 

That  is,  the  electromotive  force  in  volts  generated  in  a 
moving  conductor  is  found  by  dividing  the  total  number  of 
lines  of  force  cut  by  the  conductor  by  the  time  taken  and 
by  100,000,000. 
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If  the  total  number  of  lines  of  force  cut  is  the  same,  the 
electromotive  force  developed  is  the  same,  whether  the  lines 
of  force  proceed  from  a  permanent  magnet,  electromagnet, 
or  a  coil  carrying  a  current  of  electricity. 

Note. — In  a  previous  section  of  this  Course  the  formula  E  =  — ^^w" 

was  given.  In  this  case  -j  may  be  substituted  for  3C,  in  which  ♦  is 
the  total  number  of  lines  of  force  cut,  and  A  is  the  area,  in  square 

/  ^  7/ 

centimeters,  swept  over  by  the  conductor.  Then  E  =  ttzt-t-  /  X  t'  is 
the  area  swept  over  by  a  conductor  /  centimeters  in  length  in  1  second, 
when  moving  with  a  velocity  of  2/ centimeters  per  second.    Since -^  is  the 

number  of  lines  of  force  per  unit  area,  then  /«/  X  ^  is  the  total  number 

of  lines  of  force  cut  in  1  second,  that  is  -  =  -,  ♦  being  the  total 

number  of  lines  of  force  cut  in  /  seconds,  and  hence  —r^  —  tt^^-^ 

=  :r7-—  =  Ey  as  given  by  the  last  formula.     E  is  the  electromotive 

force,  in  volts,  developed  in  a  conductor  /  centimeters  long  when  it 
is  moving  with  a  velocity  of  v  centimeters  per  second  across  a  magnetic 

field  of  such  an  intensity  as  to  cut  -  lines  of  force  per  second. 

24.  According  to  Ohm's  law,  the  current  obtained  from 
conductors  cutting  lines  of  force  is  equal  to  the  quotient 
arising  from  dividing  the  total  electromotive  force  generated 
by  the  total  resistance  of  the  circuit  through  which  the  cur- 
rent passes.  In  general,  the  total  resistance  is  the  resist- 
ance of  the  conductor  cutting  the  lines  of  force,  or  the 
resistance  of  the  internal  circuit,  plus  the  resistance  of  any 
conductor  or  conductors  that  complete  the  external  circuit. 
If  E  represents  the  total  electromotive  force,  in  volts, 
/?f,  R^  the  resistance,  in  ohms,  of  the  internal  and  external 
circuits,  respectively ;  and  /  the  current,  in  amperes ;  then 

E 
I  =  "75 — \ — ZT-     It  will  be  seen  from  this  that  a  large  or  small 

induced  current  can  be  obtained  from  conductors  cutting 
lines  of  force  by  simply  changing  the  total  resistance  of 
the  internal  and  external  circuits.  There  is,  however,  a 
maximum  limit  to  the  amount  of  current  obtained  in  this 
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manner.  The  lines  of  force  that  are  produced  around  the 
conductor  by  the  current  itself  will  always  act  in  opposition 
to  the  lines  of  force  producing  the  electromotive  force,  and 
will  tend  to  distort  or  crowd  them  away  from  their  original 
direction.  The  number  of  lines  of  force  produced  around 
the  conductor  by  the  current  is  directly  proportional  to  the 
strength  of  the  current;  and,  consequently,  as  the  current 
becomes  larger  and  larger,  the  lines  of  force  cutting  the  con- 
ductor become  more  and  more  distorted  and  crowded  away 
from  their  original  direction,  until  the  conductor  no  longer 
cuts  all  the  lines  of  force,  and,  therefore,  the  electromotive 
force  generated  becomes  smaller.  To  reduce  this  effect,  the 
density  of  the  magnetic  field  should  be  made  large  in  pro- 
portion to  the  current  to  be  generated. 


PRODUCTION    OF   INDUCED  EliECTROMOTIVE 

FORCE 


ELSCTBOMAGKSTIC  INDUCTION 

25.  There  are  three  ways  of  producing  an  electromotive 
force  by  induction  in  a  coiled  conductor,  namely,  by  electro- 
magnetic induction^  by  self-induction,  and  by  mutual  induction. 

In  electromagrnetlc  induction,  the  change  in  the  num- 
ber of  lines  of  force  that  pass  through  the  coil  is  due  to 
some  relative  motion  between  a  coil  and  a  magnetic  field ; 
as,  for  example,  by  thrusting  a  bar  magnet  into  a  coil,  or  by 
taking  the  magnet  out  of  a  coil,  or  by  suddenly  turning  a 
coil  in  the  magnetic  field.  Whenever  there  is  such  a  rela- 
tive movement  between  a  conductor  and  the  lines  of  force 
of  a  magnetic  field  as  to  cause  the  number  of  lines  of  force 
enclosed  by  the  circuit  to  be  increased  or  diminished,  there 
will  be  set  up  in  the  conductor  an  electromotive  force  that 
tends  to  produce  a  current.  The  direction  of  this  electro- 
motive force  will  depend  on  the  direction  of  the  lines  of 
force,  and  the  direction  of  motion  of  the  conductor  and  the 
value  of  the  electromotive  force  will  depend  on  the  rate  at 
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which  the  number  of  lines  of  force  enclosed  by  the  circuit  is 
increased  or  diminished  by  the  motion  of  the  conductor. 
This  phenomenon  is  called  electromagnetic  induction ;  self- 
induction  is  one  of  the  phenomena  directly  attributable  to  it. 


8KL.F-r5a>UCTION 

!S6*     Mutual  Action  Bet^reen  Turns  of  a  Coil. — It  is 

supposed  that  every  conductor  carrying  a  current  is  sur- 
rounded by  what  is  called  a  magnetic  field,  or  magnetic 
whirl.  If  each  turn  in  a  coil  of  wire  carrying  a  current  is 
surrounded  by  such  a  whirl,  and  if  the  various  convolutions 
are  close  together,  each  will  lie  more  or  less  within  the  field 
of  the  others.  When  the  current  flowing  in  one  turn,  for 
instance,  suddenly  increases,  the  lines  of  force  set  up  around 
the  wire  forming  this  turn  will  expand,  and  in  so  doing  will 
cut  all  the  neighboring  turns,  thereby  inducing  in  them  an 
electromotive  force  that  tends  to  produce  a  current  in  the" 
opposite  direction  to  the  original  current.  On  the  other 
hand,  when  the  current  flowing  in  this  particular  turn  dimin- 
ishes, the  lines  of  force  will  contract,  and  in  so  doing  induce 
electromotive  forces  in  each  of  the  other  turns  that  tend  to 
produce  currents  in  them  in  the  same  direction  as  the  origi- 
nal current.  Each  turn  of  wire  in  the  coil  acts  on  all  the 
others  in  the  same  manner  as  the  particular  turn  that  has 
been  considered,  thereby  greatly  magnifying  the  result. 
This  phenomenon,  that  is,  the  action  of  one  part  of  a  circuit 
on  the  other  parts  of  the  same  circuit,  is  termed  self-induc- 
tion. As  an  increase  in  the  current  flowing  in  one  direc- 
tion through  a  circuit  always  tends  to  induce  a  current  in 
the  opposite  direction,  while  a  decrease  in  the  current  tends 
to  induce  a  current  in  the  same  direction,  self-induction  may 
be  said  to  be  that  property  of  a  circuit  that  tends  to  prevent 
any  change  in  the  strength  of  a  current  flowing  in  it.  Self- 
induction  has,  therefore,  been  defined  as  the  **  inherent 
quality  of  an  electric  current  that  tends  to  impede  the 
introduction,  variation,  or  extinction  of  an  electric  current 
passing  through  an  electric  circuit."     The  circuit  acts  as  if 
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it  possessed  inertia  that  resists  any  change,  and  especially 
a  sudden  change,  in  the  strength  of  the  current  flowing. 
Since  self-induction  tends  to  oppose  any  change  being  made 
in  a  current  flowing  in  a  circuit,  the  effect  will  be  to  make 
any  change  in  current  strength  occur  slightly  later  than  it 
would  be  if  the  circuit  possessed  no  self-induction. 

27.     Inductance,  or  the  coefficient  of  self-induction, 

of  a  coil  or  circuit  is  defined  as  the  total  amount  of  cutting, 
or  interlocking,  of  the  lines  of  force  and  the  turns  of  the  coil, 
or  circuit,  that  is  produced  when  a  current  of  1  unit  flows 
through  it.  Inductance  is  usually  represented  by  L. 
Inductance  may  be  possessed  by  a  simple  circuit  as  well  as 
by  a  coil ;  that  is,  inductance  is  a  property  of  any  circuit  and 
is  not  limited  to  a  coil  of  wire  of  two  or  more  turns.  In  the 
case  of  a  simple  circuit  the  number  of  turns  is  one.  How- 
ever, in  deriving  a  general  formula  it  is  customary  to  con- 
sider a  coil  of  any  number  of  turns  T, 

If  ^  is  the  total  number  of  lines  of  force  produced  in  a 
coil   by  /  C.   G.   S.   units  of  current    flowing   through  it, 

1  C.  G.  S.  unit  of  current  will  produce  -^  lines  of  force;  since 

the  total  number  of  lines  of  force  surrounding  a  conductor  is 
directly  proportional  to  the  current,  provided  the  permeabil- 
ity of  the  surrounding  medium  remains  constant.    If  the  coil 

has  /'turns,  the  total  cutting  or  interlocking,  when  -j  lines  of 

force  are  established  or  removed,  will  be  —j-  because  each 

line  cuts  through  each  of  the  /"turns.     But  the  inductance 

of  a  coil  has  been  defined  as  the  total  amount  of  cutting  of 

lines   of   force   that   is   produced   by   unit    current,    hence 

<b  T 
L  =  —r-\  in  which  L  is  the  inductance  in  C.  G.  S.  units, 

T  the  number  of  turns  in  the  coil,  and  ^  the  total  number 
of  lines  of  force  set  up  in  the  coil  by  a  current  of  /C.  G.  S. 
units  strength.  Inductance  is  evidently  the  ratio  between 
the  total  induction  T  ^  through  a  circuit  to  the  current  / 
producing  it. 
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28.  A  coil  has  1  C.  G.  S.  unit  of  inductance  when 
1  C.  G.  S.  unit  of  current  flowing  through  1  turn  produces 
1  line  of  force.     If  the  current  /  is  expressed  in  amperes, 

then  L  =  — ^ — .     The   C.  G.   S.  unit   of   inductance,    in 

which  L  has  so  far  been  expressed,  is  too  small  for  use  as  a 

practical   unit,  hence  the  henry  has  been  adopted  as  the 

practical    unit   of   inductance;    it   equals   1,000,000,000,  or 

10*,  C.  G.  S.  units. 

^  T 
Hence,  L  =  j^  (7) 

in  which  L  =  the  inductance  of  a  coil  or  circuit,  in  henrys; 
/  =  the  current  flowing  through  it  in  amperes; 
T  =  the  number  of  turns; 
^  =  the  total  number  of  lines  of  force. 

For  a  circuit  to  have  an  inductance  of  1  henry,  100,000,000, 
or  10',  lines  of  force  must  be  produced  in  the  magnetic  cir- 
cuit when  1  ampere  is  produced  through  the  electric  circuit. 

The  last  formula  is  true  for  any  coil  in  which  0  is  the 
total  number  of  lines  when  the  current  is  /amperes.  For  a 
coil  containing  no  magnetic  material  such  as  iron,  L  is 
entirely  independent  of  the  current  /,  because  ^  is  directly 
proportional  to  /;  that  is,  0  is  doubled  when  /  is  doubled. 
When  the  coil  contains  an  iron  core,  the  lines  of  force  do  not 
always  increase  in  direct  proportion  to  the  magnetizing 
force  or  to  the  ampere-turns  in  the  coil.  However,  by 
representing  the  actual  total  number  of  lines  of  force  set  up 
by  a  current  of  /  amperes  by  ^,  as  we  have  done  above,  the 
formula  given  holds  for  coils  with  or  without  iron  surround- 
ing them. 

Example. — A  coil  of  wire  containing  no  iron  has  an  inductance  of 

.025  henry  and  1,600  turns.     What  will  be  the  total  number  of  lines  of 

force  through  a  mean    turn   when   25  amperes   is  flowing    through 

the  coil  ? 

♦  7' 
Solution. — By  solving  the  formula  L  =  ^,,,  ,  for  4»,    we  obtain 

.        L  /W        .025  X  25  X  W        _  _.  ,.  .  .  . 

♦  =  — ^i—  = 1  „„,z =  39,060  hnes  of  force.     Ans. 
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39.   Inductance  of  a  Solenoid. — The  inductance  of  a  coil 
in  the  neighborhood  of  which  there  is  no  magnetic  substance 

*  T 
has  been  given  by  the  formula  L  =  .,  in  which  *  T  rep- 
resents the  flux  turns;  that  is,  the  flux  through  the  area 
enclosed  by  a  mean  turn  multiplied  by  the  number  of  turns 
in  -the  coil.  In  a  previous  section  it  was  shown  that  the 
number  of  lines  of  force  per  square  centimeter  produced 
inside  a   coil   of    T  turns  by   a  current  of    /  amperes    is 

JC  =  „  .     If  the  area  of  the  opening  through  the  coil  is 

A^  square  centimeters,  then  the  total  flux  across  this  area 
is  -^'  JC  =  — —rp —  when  there  is  no  magnetic  substance 
around  or  inside  the  coil.  Substituting  this  value  oi  A  ^ 
for  the  flux  *  in  the  formula  L  =       ,  ^,  we  get 

^  "      10*/'  ^^> 

For  a  cylindrical  coil  the  mean  area  is  ^  (r')',  hence  the 

4  TT*  (r'Y  T* 
last  formula  reduces  to  Z,  =  \^/., — ;  or, 

J   __  .00000003948  (r')'  T^  .^. 

z,  — J-, \^) 

in  which  L  =  the  inductance,  in  henrys; 
T  =  the  total  number  of  turns; 
r'  =  the  mean  radius  of  the  coil,  in  centimeters; 
/'  =  the  length  of  the  coil,  in  centimeters. 

If  r  is  the  mean  radius  of  the  coil,  in  inches,  and  /its  length, 

in    inches,    then    the    inductance    of  the    coil,    in    henrys 

4  7r«  (2.54  r)'  r^ 
=  ^! or 

10"  X  2.54  X/' 

^  _  .00000010028  r*  T*     ^^ 

The  last  two  formulas  are  strictly  true  only  for  a  long  coil 
or  solenoid  in  which  the  length  is  20  or  more  times  the 
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diameter  and  the  total  number  of  layers,  compared  to  the 
radius,  occupies  very  little  space  in  depth  or  thickness. 
However,  it  may  be  used  to  determine  approximately  the 
inductance  of  any  ordinary  solenoid  containing  no  magnetic 
material. 

If  the  solenoid  contains  iron,  the  inductance  will  be  n  times 
as  great,  because  the  tlux  produced  will  be  n  times  as  great. 
Hence,  for  a  coil  having  a  magnetic  core,  the  inductance 

=  —       ., — .     But  —jr-  =  -~,  therefore  the  inductance,  in 

henrys,  is 

in  which  (R  is  the  reluctance  of  the  magnetic  circuit.  In 
order  to  determine  either  fj  or  (R,  we  must  know  3C  the  mag- 
netizing force,  or  iB  the  magnetic  density  and  also  have  a 
curve  showing  the  magnetic  quality  of  the  iron;  or  else  we 
must  know  both  9C  and  i&,  because  ft  and  (R  both  depend  on 
the  kind  of  iron  and  the  degree  to  which  it  is  magnetized. 

the  inductance  L  may  be  increased  by  increasing  T,  the 
number  of  turns,  or  by  increasing  ^,  the  total  number  of 
lines  of  force  set  up  through  the  coil  by  a  given  current. 


The  number  of  turns  may  be  readily  increased  by  winding 
more  wire  on  a  coil,  in  order  to  do  which  where  a  limited 
amount  of  space  is  available,  it  is  usually  necessary  to  wind 
with  a  smaller  size  of  wire.  The  number  of  lines  of  force 
set  up  through  a  coil  depends  not  only  on  the  strength  of 
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the  current  but  also  on  the  character  of  the  magnetic  sub- 
stance in  and  around  the  coil.  A  coil  having  no  iron  in  or 
around  it,  as  shown  in  Fig.  33,  will  have  a  very  much  lower 
inductance  than  a  similar  coil  surrounded  with  iron,  as 
shown  in  Fig.  34,  for  the  reason  that  the  number  of  lines  of 

force  set  up  by  a  given  mag- 
netizing force  is  much  greater 
Iji^  in  iron  than  in  air.  We  may 
say,  therefore,  that  a  large 
amount  of  iron  in  the  core  of 
a  coil  serves  to  greatly  increase 
the  inductance,  and  where  the  return  path  for  the  lines  of 
force  IS  also  made  of  iron,  so  as  to  practically  surround  the 
coil  with  iron,  as  shown  in  Fig.  34,  the  inductance  is  still 
further  increased,  because  the  entire  magnetic  circuit  is 
made  of  iron. 

The  inductance  L  for  a  given  coil  is  a  constant  quantity  as 
long  as  the  magnetic  permeability  of  the  material  surrounding 
the  coil  does  not  change ;  this  is  the  case  where  the  coil  is 
surrounded  by  air.  Where  iron  is  present,  the  inductance  L 
is  practically  constant,  provided  the  magnetism  is  not  forced 
too  high. ,  In  most  cases  arising  in  practice,  the  inductance  L 
may  be  considered  to  be  a  constant  quantity,  just  as  the 
resistance  R  is  usually  considered  constant  although  it  varies 
with  the  temperature. 


31.     Electromotive    Force    of  Self-induction, — If    a 

current  be  sent  through  such  a  coil  as  C,  Fig.  33,  lines  of 

force  will  be  set  up  as  shown  by  the  dotted  lines.     As  long  as 

the  current  remains  steady,  these  lines  will  not  change  and 

the  current  will  flow  through  the  coil  just  as  if  it  were  an 

ordinary  resistance;  i.  e.,  the  current  will  follow  Ohm's  law; 

and  if  the  voltage  applied  to  the  terminals  is  E  volts  and 

the  resistance  R  ohms,  the  current  will  be  determined  by  the 

E 
relation  I  =  -=x.     If,  however,  the  current  is  made  to  vary 

in  any  way,  the  number  of  lines  of  force  threading  the  coil 
also  varies,  and  hence  an  electromotive  force  is  set  up  in 
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the  coil.  This  electromotive  force,  which  is  called  the  elec- 
tromotive force  of  self-Induction,  tends  to  oppose  any 
change  in  the  current.  Consequently,  if  a  current  varying 
in  strength  flows  through  a  circuit  that  can  set  up  lines  of 
force  so  as  to  thread  through  the  circuit,  a  counter  electro- 
motive force  of  self-induction  is  set  up,  and  the  current, 
while  changing  in  strength,  cannot  be  calculated  by  Ohm's 
law,  since  the  effect  of  the  self-induction  is  to  apparently 
increase  the  resistance  of  the  circuit.  There  are  no  self- 
induction  effects  present  in  circuits  through  which  a  steady 
current  is  flowing,  and  hence  no  induced  electromotive  forces 
are  set  up. 

Circuits  containing  resistance  can  be  made  that  have 
practically  no  self-induction ;  these  are  known  as  non-tnduct' 
ive  resistdfices.  Such  circuits  behave  the  same  with  regard 
to  variable  or  alternating  currents  as  to  direct,  i.  e.,  the 
current  flowing  in  them  can  be  calculated  by  Ohm's  law. 
Water  resistances  and  incandescent  lamps  are  practically 
non-inductive. 

33.  Extra  Current.  —  When  a  circuit,  especially  if  it 
contains  a  coil  possessing  inductance  in  addition  to  a  battery 
or  other  source  of  continuous  current,  and  a  resistance  is 

suddenly  closed,  the   current  does   not   instantly  reach  its 

E 
steady   final   strength,    which    is   equal    to  -^,    in   fact   an 

appreciable  time  elapses  during  which  the  strength  of  the 

current  is   increasing.     Similarly,  when  a   circuit  through 

E 
which  a  current  equal  to  -rj  is  flowing  is  opened,  the  current 

does  not  drop  instantly  to  zero,  but  an  appreciable  time 
elapses  during  which  the  current  is  decreasing  in  strength. 
To  be  sure  the  time  is  usually  very  short,  perhaps  only  a  very 
small  fraction  of  a  second.  During  this  time  a  variable  cur- 
rent of  very  brief  duration  opposes  or  assists  the  main  current. 
In  the  first  case  it  tends  to  flow  in  the  opposite  direction,  and 
in  the  second  case  in  the  same  direction  as  the  current  from 
the  battery.     This  brief  current  is  called  the  extra  current 

43—18 
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due  to  self-induction.  When  the  circuit  is  closed  no  extra 
current  is,  of  course,  perceptible,  only  the  diminution  in  the 
strength  of  the  current  being  apparent.  When  the  circuit 
is  broken  the  current  is  momentarily  increased  in  strength, 
sometimes  being  greater  even  than  the  main  current,  and 
lasts  longer  than  it  would  if  the  circuit  possessed  no  induct- 
ance. This  momentary  increase  in  the  strength  of  the  cur- 
rent is  the  true  extra  current.     If  a  current  is  changing  in 

• 

strength  at  a  given  instant  at  the  rate  of  -  amperes  per 

second  in  a  circuit  whose  inductance  is  L  henrys  and  resist- 
ance R  ohms,  the  electromotive  force  of  self-induction,  in 

volts,  is  equal  to  Z  X  7  and  the  extra  current  is  equal  to 

-^  X  7  amperes ;  i  being  the  change  in  the  strength  of  the 

current  during  a  short  time  /.  For  instance,  if  the  current 
is  changing  at  the  rate  of  500  amperes  per  second,  the 
electromotive  force  of  self-induction  developed  in  a  circuit 
whose  inductance  is  .02  henry  is  equal  to  .02  X  500 
=  10  volts. 

The  ratio  ^  is  known  as  the  time  constant  of  the  circuit 

because  it  is  a  measure  of  the  speed  with  which  the  current 
in  that  circuit  increases  or  decreases  in  strength.     In  order 

for  a  current  to  change  rapidly  in  strength,  the  ratio  -^  must 

be  small.  The  time  constant  of  a  circuit  may  evidently  be 
decreased  by  either  decreasing  its  inductance  or  increasing  its 
resistance,  or  by  simultaneously  decreasing  its  inductance 
and  increasing  its  resistance.  In  other  words,  the  time  con- 
stant may  be  increased  by  increasing  the  value  of  the  ratio -^. 

Electromagnets,  such  as  telegraph  relays,  that  should  act 
quickly,  should  be  designed  so  as  to  have  a  small  time  con- 
stant. On  the  other  hand  the  tendency  of  a  magnet,  due  to 
its  self-induction,  to  spark  when  the  circuit  is  broken  is 
taken  advantage  of  in  the  spark  coils  used  for  lighting  gas. 
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Such  a  coil  usually  consists  of  a  single  winding  connected 
directly  in  series  in  the  circuit,  the  coil  being  so  designed  as 

to  make  the  ratio  -p  very  large.     By  suddenly  breaking  the 

circuit  containing  such  a  coil  and  about  four  primary  cells, 
the  spark  produced  is  sufficiently  intense  to  light  gas. 

Example. — Find  the  inductance,  in  henrys,  of  a  cylindrical  coil 
10  inches  long,  that  has  a  mean  diameter  of  2  inches  and  contains 
1,600  turns. 

Solution. — Since  the  diameter  is  2  in.  the  radius  will  be  1  in.,  then 

K        K  ♦■*  *•       -     ^u    t          y     r        00000010028  r«r«  . ,  . 

by  substituting  m  the  formula  L  = t ,  we  obtain 

-        .00000010028  X 1'  X  1.600«        nowtm,  a 

L  = :rx =  .02567  henry    Ans. 


EXAMPLE  FOR  PRACTICE 

A  solenoid  200  centimeters  long  consists  of  2,500  turns,  wound  in  a 
single  layer,  on  a  non-inductive  core.  The  mean  diameter  of  the  coil 
is  8.6  centimeters,  (a)  What  is  the  inductance,  in  henrys,  of  the 
solenoid  ?  {b)  If  the  core  of  this  coil  is  made  of  magnetic  material, 
what  will  be  the  inductance,  in  henrys,  when  4  amperes  flow  through 
the  coil,  thereby  causing  the  iron  to  have  a  permeability  of  250  ? 

Ua)    .1599  henry 
\{b)    89.97  henrys 


MUTUAL.  INDUCTANCE 

33.     In  mutual  induction,  two  separate  coiled  conductors 

are  placed  near  each  other,  so  that  the  magnetic  circuit  pro- 

,1,1,1,1,,  duced  by  one,  which  carries 

^^  a  current  of  electricity,  will 

be  enclosed  more  or  less  by 

the     other,    as     shown     in 

j^-^^^-    Fig.  35.    The  coil  P,  around 
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Fio.  35  which  the  current  is  flowing, 

is  called  iht  primary^  or  exciting,  coil ;  the  other  5  is  called 
the  secondary  coil.  Any  change  in  the  strength  of  the  cur- 
rent flowing  around  the  primary  coil  will  produce  a  change  in 
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the  number  of  lines  of  force  in  the  magnetic  circuit,  and, 
consequently,  an  electromotive  force  will  be  induced  in  the 
secondary  coil.  If  the  current  in  the  primary  coil  is  increas- 
ing, the  electromotive  force  induced  in  the  secondary  coil 
will  cause  a  current  to  flow  around  in  the  opposite  direction 
to  the  current  in  the  primary  coil.  If  the  current  in  the 
primary  coil  is  decreasing,  the  induced  electromotive  force 
in  the  secondary  coil  will  cause  a  current  to  flow  around  in 
the  same  direction  as  the  current  in  the  primary  coil. 

34.  Mutual  Inductance,  or  the  coefficient  of  mutual 
induction,  as  it  is  also  called,  may  be  defined  as  the  product 
of  the  turns  in  one  coil  by  the  number  of  magnetic  lines  of 
force  produced  through  it  by  unit  current  in  another  coil. 
It  is,  therefore,  the  total  induction  produced  in  one  coil  by 
unit  current  in  another  coil.  It  depends  on  the  form,  size, 
and  relative  position  of  the  two  circuits  and  on  the  magnetic 
permeability  of  the  surrounding  .substances. 

Suppose  in  Fig.  35  that  the  coil  P  has  T  turns,  5  has 
7",  turns,  and  that  the  two  coils  are  close  together,  or  one 
over  the  other  so  that  all  the  lines  of  force  passing  through 
-Palso  pass  through  S\  suppose  further,  that  a  current  of  / 
C.  G.  S.   units  in  the  coil  P  produces  a  flux  through  5  of 

^  lines  of  force.     If  there  is  no  iron  in  the  circuit  -j  lines  of 

force  are  produced  per  unit  C.  G.  S.  current.     If  the  lines 

of  force  per  unit  current  cut  each  of  the  T^  turns  in  the 

<P  T 
coil  5,  then  the  whole  coil  5  cuts  -   ,  -  lines  of  force  and  i?/ 

^  T 

=  — -j-^  in  which  M  is  the  mutual  inductance  in  C.  G.  S. 

units. 

The  practical  unit  of  mutual  inductance  is  the  same  as  the 
practical  unit  of  self-inductance,  namely  the  henry,  which  is 
equal  to  1,000,000,000,  or  10",  C.  G.  S.  units.  In  order  that 
the  last  expression  may  give  M  in  henrys,  it  is  necessary  to 
divide  by  10*,  which  gives 

^  T 
M  =  -^j         (12) 
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where  M  =  the  mutual  inductance  in  henrys; 

/=  the  current  in  amperes  in  the  primary  coil; 
^  =  the  total  flux  through  the  secondary  coil  having 
J",  turns. 

The  mutual  inductance  M^  in  henrys,  may  be  defined  as 
the  number  of  times  that  100,000,000  lines  of  force  are  cut 
by  T^  turns  in  the  secondary  coil  when  1  ampere  is  turned 
on  or  off  in  the  primary  coil.  The  last  formula  is  only 
approximately  true,  because  it  assumes  that  all  the  lines  of 
force  produced  by  the  primary  coil  pass  through  the  second- 
ary coil ;  and  this  is  rarely  the  case  on  account  of  magnetic 
leakage. 

The  induction  produced  in  the  secondary  when  a  current 
of  /amperes  are  turned  on  or  off  in  the  primary  coil,  that  is 
the  total  cutting  of  lines  of  force  by  the  secondary  coil,  is  of 
course  /  times  as  great  as  for  a  current  of  1  ampere. 
Furthermore,  if  the  core,  instead  of  being  made  of  non- 
magnetic material  is  made  of  magnetic  material  whose  per- 
meability for  a  given  magnetizing  force  is  /i,  then  the  total 
induction  will  be  ^  times  as  great,  because  ^  will  be  ^  times 
greater  with  the  magnetic  than  with  the  non-magnetic  core. 


INDUCTION    COIIiS 

35.  An  Inductlcn  coll  is  an  apparatus  depending  on 
the  principle  of  mutual  induction  for  producing  pulsating 
currents  of  electricity  of  high  electromotive  force.  Induc- 
tion coils  are  sometimes  called  Ruhmkorff  coils,  from  the 
name  of  a  celebrated  manufacturer  of  them,  and  consist, 
essentially,  of  two  coils,  primary  and  secondary,  wound 
around  a  core  consisting  of  a  bundle  of  iron  wires.  In 
Fig.  36  the  secondary  coil  5  is  composed  of  a  large  number  of 
turns  of  fine  insulated  wire,  while  the  primary  coil  Peon- 
tains  only  a  few  turns  of  thick  insulated  wire.  Both  coils 
are  wound  on  a  spool  O  of  insulating  material  fitting  over 
the  iron  core  C. 
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The  primary  circuit  is  automatically  opened  and  closed  at 
D  in  the  following  manner :  F  represents  a  spring  that  tends 
to  keep  the  circuit  closed  between  the  platinum  contact 
piece  D  attached  to  the  spring  F  and  the  contact  screw  K. 
As  soon,  however,  as  the  circuit  is  closed  by  the  action  of 
the  spring,  the  current  from  the  battery  B  begins  to  cir- 
culate through  the  primary  coil  P  around  the  core  6', 
thereby  magnetizing  the  core  and  causing  it  to  attract  the 
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iron  armature  //,  thus  breaking  the  primary  circuit  between 
D  and  the  point  of  the  adjustable  screw  K.  On  opening  the 
circuit  between  D  and  K^  the  magnetism  in  the  core  begins 
to  weaken,  the  spring  once  more  closes  the  circuit,  and  the 
entire  operation  is  again  repeated.  These  actions  take  place 
in  rapid  succession,  a  large  number  of  times  a  second,  con- 
stantly producing  a  change  in  the  number  of  lines  of  force 
passing  through  the  core,  and  thereby  inducing  a  current  in 
the  secondary  coil.  A  switch  IT  connects  the  post  -£  with 
the  terminal  P^^  and  the  terminals  /^,,  P^  are  joined  to  the 
battery  Z?  by  means  of  wires  Z„  Z,.     The  terminals  5„  S^  of 
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the  secondary  coil  are  not,  for  the  present,  connected  with 
each  other ;  the  secondary  coil  is  therefore  open. 

A  condenser  R  is  connected  across  the  break  in  order  to 
overcome  a  difficulty  encountered  in  the  use  of  a  simple  make 
and  break,  as  here  shown  at  D,  due  to  the  fact  that  without 
a  condenser  the  iron  core  does  not  lose  much  of  its  magnet- 
ism at  break,  and  what  it  does  lose  it  loses  slowly.  When 
the  primary  circuit  is  opened,  its  self-induction  tends  to  keep 
the  current  flowing  across  the  break;  but  when  a  condenser 
is  used,  this  current  flows  into  and  charges  the  condenser 
instead  of  producing  a  spark  across  the  break.  After  the 
current  has  been  expended  in  charging  the  condenser,  the 
latter  immediately  discharges  through  the  circuit  a^-B-W- 
P-L-B-L-P-P  primary  coil  P-P-b^  and  back  to  the  con- 
denser R,  This  current,  being  in  the  opposite  direction  to 
the  current  due  to  the  battery  B^  demagnetizes  the  iron  core 
with  great  rapidity  and  thus  produces  an  enormous  electro- 
motive force  in  the  secondary  coil.  The  electromotive 
force  of  self-induction,  to  which  the  charging  of  the  con- 
denser  is  due,  is  sufficiently  great  to  not  only  produce  a 
discharge  that  overcomes  the  opposing  electromotive  force 
of  the  battery  but  it  also  overcomes  the  resistance  of  the 
battery  and  primary  coil  and  produces  therein  an  appreci- 
able current.  The  spark  at  D  is  very  much  less  with  this 
condenser  than  it  would  be  without  it.  By  trial  a  condenser 
of  proper  capacity  may  be  selected  so  that  it  is  possible  to 
practically  interrupt  the  current  and  reduce  the  magnetism 
of  the  core  to  zero  almost  instantaneously,  thereby  pro- 
ducing the  maximum  induction  in  the  secondary  coil  with  a 
given  current  in  the  primary  coil. 

When  the  current  is  made  in  the  primary  coil  its  self- 
induction  compels  a  rather  gradual  increase  in  the  current 
strength  in  the  primary  coil,  and  consequently,  the  induced 
electromotive  force  in  the  secondary  is  comparatively  small. 
When  the  current  in  the  primary  is  broken,  however,  the 
current  not  only  almost  instantly  decreases  from  its  maxi- 
mum value  to  zero,  but  it  is  quickly  followed  by  the  reverse 
current  from  the  condenser;  consequently  there  is  produced 
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a  very  intense  electromotive  force  in  the  secondary  winding. 
Hence,  the  tendency  is  to  induce  a  very  much  greater  cur- 
rent in  the  secondary  winding  in  one  direction  than  in  the 
other.  In  most  induction  coils  a  spark  gap  in  the  circuit  of 
the  secondary  winding  gives  this  winding  a  very  high  resist- 
ance ;  consequently  the  electromotive  force  induced  in  the 
secondary  coil,  when  the  primary  current  is  made,  may  be 
too  weak  to  produce  a  spark,  that  is  a  current,  across  the  air 
gap.  Hence  there  may  be  no  current  in  the  secondary 
winding  when  the  current  in  the  primary  is  made.  How- 
ever, when  the  current  in  the  primary  is  broken  the  electro- 
motive force  induced  in  the  secondary  is  usually  sufficient  to 
force  a  current  across  the  air  gap.  As  a  result  a  current 
may  be  produced  practically  in  one  direction  only  in  the 
secondary  winding.  There  is  of  course  always  a  tendency 
to  produce  a  current  in  both  directions  and  doubtless  there 
is  a  current  in  both  directions  in  many  cases. 

For  the  operation  of  Roentgen  ray  tubes  it  is  very  desir- 
able to  prevent,  as  far  as  possible,  a  current  flowing  in  both 
directions,  because  the  so-called  reverse  current  tends  to 
disintegrate  and  blacken  one  of  the  electrodes  of  the  Roent- 
gen ray  tube,  which  it  is  essential  to  preserve  in  first-class 
condition. 

36.  Reduction  of  Voltage  In  Secondary. — The  volt- 
age across  the  terminals  of  the  secondary  coil  suffers  a  very 
great  reduction  when  a  current  is  allowed  to  circulate  in  this 
circuit.  If  this  voltage  is  300  when  no  current  is  flowing, 
the  insertion  of  a  comparatively  low  resistance  across  the 
secondary  terminals  may  reduce  it  to  2  or  3  volts;  the  inser- 
tion of  even  1,000  ohms  in  the  secondary  of  a  small  coil  may 
reduce  the  difference  of  potential  across  the  secondary  ter- 
minals to  10  or  15  volts.  With  large  coils,  these  values  will, 
of  course,  be  greater.  This  reduction  in  voltage  is  caused 
partly  by  the  reaction  of  the  secondary  current  on  the  pri- 
mary cuwent,  but  principally  by  the  self-induction  in  the 
secondary  circuit  itself.  At  the  time  when  the  induced 
electromotive  force  is  at  its  maximum,  and  when  a  heavy 
current  might  flow,  it  is  most  effectually  stopped  by  the 
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powerful  choking  action  of  the  coil,  which  does  not  permit  a 
very  sudden  rise  or  fall  of  pressure.  In  addition  to  these 
inductive  reactions,  the  difference  of  potential  is  reduced  by 
the  drop  or  loss  of  potential,  through  the  resistance  of  the 
secondary  coil,  which  is  composed  of  a  very  long,  thin  wire. 
The  secondary  voltage,  after  it  is  subjected  to  all  these  influ- 
ences, is  not  powerful  enough  to  produce  a  very  large  cur- 
rent. If  the  resistance  external  to  the  secondary  coil  is 
very  large,  this  resistance  helps  appreciably  to  limit  the 
strength  of  the  secondary  current;  whereas  if  it  is  small,  the 
inductive  reactions  in  the  secondary  coil  limits  the  strength 
of  the  secondary  current. 

37.  Relation  Between  Electromotive  Forces  in 
Primary  and  Secondary  Colls. — Another  point  that  may 
be  difficult  to  understand  is  the  relation  between  the  pres- 
sures in  the  primary  and  secondary  coils.  If  the  coils  P 
and  5,  Fig.  36,  were  made  of  wire  of  the  same  diameter  and 
length,  then  the  pressure  and  strength  of  the  currents  in 
both  coils  would  practically  be  the  same,  not  considering  a 
certain  loss  depending  on  the  efficiency  of  the  combination. 
The  more  turns  that  the  secondary  coil  contains,  the  more 
will  it  be  exposed  to  the  effects  of  the  inductive  influences 
of  the  primary  coil.  The  electromotive  force  developed  in 
the  secondary  coil  would,  up  to  a  certain  limit,  increase  in 
direct  proportion  to  the  increased  number  of  turns  that  is 
wound  in  the  same  space  on  the  bobbin.  But  as  the  total 
power  in  watts  developed  in  the  secondary  coil  cannot  be 
increased  without  increasing  the  power  supplied  to  the  pri- 
mary, it  follows,  as  a  consequence,  that  an  increase  in  pres- 
sure can  only  be  obtained  at  the  expense  of  a  decrease  in 
current  strength.  For  instance,  a  power  of  50  watts  may 
be  developed  in  the  secondary  coil  by  a  current  of  5  amperes 
at  10  volts,  .5  ampere  at  100  volts,  .05  ampere  at  1,000  volts, 
or  .005  ampere  at  10,000  volts.  The  pressure  in  the  second- 
ary may  be  increased  to  from  200,000  to  300,000  volts,  if 
there  is  a  corresponding  decrease  in  current. 

Increasing  the  sectional  area  and  decreasing  the  length  of 
the  wire  in  the  secondary  coil  will  decrease  its  voltage  and 
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increase  its  amperage,  so  that  it  is  not  only  possible  to 
increase  the  pressure  of  the  current  in  the  secondary  coil 
over  that  in  the  primary,  but  also  to  decrease  the  pressure 
in  the  secondary  coil  with  a  corresponding  increase,  to  a 
limited  extent,  in  its  current  strength, 

38.  Comparisons  BetAveen  Various  Coils.  —  When 
coils  are  mentioned  it  is  customary  to  simply  state  their 
sparking  distance,  say  8,  10,  12  inches,  or  whatever  the  same 
may  be.  This  gives  no  idea  whatever  of  the  real  power  of 
the  coil,  any  more  than  when  speaking  of  a  waterfall  we 
would  say  that  it  is  about  50  feet  high.  How  much  water 
per  minute  really  flows  is  left  to  the  imagination  so  that  an 
estimate  of  its  horsepower  is  impossible.  The  same  argu- 
ment applies  to  the  rating  of  induction  coils.  It  is  necessary 
to  know  not  only  the  pressure  indicated  by  the  sparking  dis- 
tance, but  also  the  current  volume.  Two  coils  may  be 
made  to  give  exactly  the  same  length  of  spark,  but  the 
sparks  may  be  of  very  different  nature.  In  one  case  it 
may  be  thick  and  intensely  white,  in  the  other  thin  and 
bluish.  The  former  coil  is  the  more  powerful  of  the  two 
and  the  more  expensive  to  build.  To  send  this  increased 
current  strength  through  the  secondary  winding,  the  pri- 
mary and  secondary  coils  must  both  be  made  of  heavier  wire, 
thereby  increasing  the  expense  both  for  copper  and  labor. 

As  the  current  in  the  secondary  is  not  continuous,  but 
interrupted,  the  current  strength  will  depend  on  the  vol- 
ume of  current  sent  through  the  spark  gap  at  each  inter- 
ruption. Here,  again,  a  deception  is  possible.  If  two 
coils  send  sparks  of  the  same  volume  over  the  same  air  gap, 
they  would  be  identical  if  this  were  done  at  similar  inter- 
vals. But  if  one  does  this  at  double  the  number  of  inter- 
ruptions per  second,  then  evidently,  double  the  quantity  of 
current  will  flow  across  the  air  gap.  Some  coils  can  be 
made  to  show  a  high  efficiency  by  slowing  down  the  vibrator; 
but  as  the  power  of  the  coil,  or  the  number  of  watts,  depends 
on  the  product  of  amperes  and  volts,  it  is  important  to  con- 
sider the  relative  strength  of  the  current  at  each  discharge, 
and  the  frequency,  as  well  as  the  electromotive  force. 
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Some  small  medical  coils  have  a  copper  tube  that  slides 
over  the  iron  core.  This  shields  the  iron  core  because  the 
variable  currents  in  the  primary  induce  relatively  large  cur- 
rents directly  in  this  copper  tube,  which  has  a  very  low 
resistance.  These  induced  currents  oppose  the  primary 
currents;  hence  the  resultant  effect  on  the  iron  core  is  much 
reduced.  Consequently  the  secondary  cuts  fewer  lines  of 
force.  As  this  copper  tube  is  gradually  withdrawn,  the  iron 
core  becomes  more  highly  magnetized  and  the  electromotive 
force  induced  in  the  secondary  increases. 

39.  A  straight  iron  core  is  always  used  in  induction 
coils,  for  when  the  current  in  the  primary  is  broken,  the 
magnetic  flux  falls  from  its  maximum  value,  not  to  zero, 
but  to  a  value  known  as  the  residual  magnetism.  The 
residual  magnetism  in  an  open  magnetic  circuit  is  much  less 
than  in  a  closed  magnetic  circuit,  so  when  the  primary  cur- 
rent is  suddenly  reduced  to  zero,  the  magnetism  drops 
lower  in  an  open  magnetic  circuit  than  in  a  closed  one.  As 
the  electromotive  force  in  the  secondary  is  proportional  to 
the  reduction  in  the  magnetic  flux,  it  is  greater  with  a 
straight  core  than  with  a  complete  circuit  of  iron. 

An  iron  core  is  best  made  by  filling  an  iron  pipe  of  suit- 
able length  and  diameter  as  full  as  possible  with  iron  wire. 
A  No.  24  B.  &  S.  gauge  iron  wire  is  the  most  suitable, 
though  No.  18  and  No.  20  give  satisfactory  results  and  are 
more  often  used.  Then  fill  the  intervening  space  with  clay 
and  leave  it  in  a  coke  or  coal  fire  until  the  fire  naturally 
goes  out,  in  order  to  allow  the  wire  to  cool  slowly,  in  order 
that  it  will  be  properly  annealed.  Each  wire  should  then  be 
sandpapered,  to  remove  the  excess  oxide,  dipped  in  boiling 
water,  wiped  dry,  and  coated  with  thin  shellac  while  warm. 
The  wires  may  then  be  bound  together  with  paper  and  stout 
cord  into  a  round  bundle.  If  one  end  of  the  core  is  to  be 
used  to  operate  the  circuit  breaking  device,  it  should  be  filed 
smooth,  the  other  end  being  left  rough. 

Some  of  the  above  remarks  concerning  the  iron  core,  as 
well  as  Table  I,  were  given  in  the  **  Scientific  American 
Supplement,"  November  15,  1902. 
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It  is  beyond  the  scope  of  this  course  to  discuss  the  design 
of  induction  coils;  moreover,  there  are  no  exact  rules  or 
formulas  by  following  which  one  may  be  made.  They  are 
constructed  more  from  experience  than  from  any  predeter- 
mined calculations  or  designs. 


A  REPRESENTATIVE  INDUCTION  COEL 

40.  '  In  Fig.  37  is  shown  an  example  of  a  large  induction 
coil  suitable  for  use  in  wireless  telegraphy,  Roentgen  ray 
work,  and  electrotherapeutics,  The  iron  core  projects 
beyond  each  end  of  the  core,  because  it  has  been  found  that 
this  reduces  the  leakage  of  the  lines  of  force  and  thereby 
increases  the  efficiency  of  the  coil.  This  induction  coil  is 
wound  so  that  it  may  be  operated  by  from  3  to  9  storage- 
battery  cells;   that  is,  by  from  G  to  18  volts.     When  it  is 


§5  ELECTROMAGNETIC    INDUCTION  45 

desirable  to  operate  the  coil  from  allO-volt  circuit,  a  resist- 
ance, called  a  rheostat,  must  be  inserted  in  series  with  the 


primary  winding  in  order  to  regulate  the  strength  of  the 
current  in  the  primary  coil.  The  two  discharge  rods  x  and 
y  may  be  adjusted  until  the  sparking  points  are  the  desired 
distance  apart. 

41,  Independent  SprlDfc  Interrupter. — A  variation 
of  the  strength  of  the  current  in  the  primary  of  any  induc- 
tion coil  will  vary  the  rate  of  interruptions,  if  the  inter- 
rupter is  operated  by  the  core  of  the  induction  coil.  It  is 
desirable  that  the  rate  of  interruptions  shall  not  only  be 
independent  of  the  current  strength  in  the  primary  coil,  but 
that  the  rate  of  interruptions  should  be  easily  regulated. 
Hence  it  is  customary  with  the  larger  and  better  coils  to 
operate  the  interrupter  by  connecting  it  in  an  independent 
circuit,  either  in  parallel  with  the  main  primary  coil  or  in 
circuit  with  a  separate  battery. 

A  separate  enlarged  view  of  the  independent  spring  inter- 
rupter a,  which  sets  upon  the  base  of  the  large  coil  (see 
Fig,  37)  is  shown  in  Fig.  38.  This  interrupter  consists  of  a 
small  electromagnet  w  with  two  pole  pieces  /,  /  between 
which  the  armature  //,  which  is  fastened  to  the  vertical 
spring  r,  can  freely  vibrate  without  coming  against  or  even 
touching  them.      The  flat  springs  ;-,  v  are  fastened  in  the 
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base;  the  spring  r  has  a  slight  projection  to  hold  the  plati- 
num contact  piece  to  one  side  opposite  the  end  of  the 
screw  n  in  order  that  the  latter  may  clear  the  spring  v. 


43.  Connections. —  A  diagram  of  connections  of  the 
induction  coil,  interrnpter,  and  interlocking  switch  is  shown 
in  Fig.  39,  which  is  lettered  like  Fig.  38  as  far  as  practicable. 
The  interlocking  switch  shown  at  /f,  Fig.  37,  and  the  later 
one  shown  at  the  right  of  Pig.  39,  make  it  impossible  to  send 
current  through  the  primary  winding  of  the  induction  coil 
l)cfore  the  interrupter  is  in  operation.  This  is  of  import- 
ance, for  if  the  coil  is  operated  from  a  storage  battery  or 
electric-light  circuit,  it  would  be  possible,  if  the  interrupter 
were  not  first  placed  in  operation,  to  send  a  larger  current 
through  the  primary  coil  than  it  could  safely  stand  and  thus 
perhaps  ruin  it. 

The  metal  blade  /,  which  is  pivoted  on  an  extension  of  the 
plate  </,  makes  contact  with  the  metal  piece  r  only  when  the 
handle  o  is  raised  sulhciently.  After  the  blade  t  enters 
the  jaw,  or  slot,  in  c,  the  handle,  and  with  it  the  metal 
pieces  e,  rfand  the  two  switch  blades  a,  b  may  be  moved  to 
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either  side.  The  blade  a  is  mechanically  fastened  to,  but 
electrically  insulated  from,  the  plate  d,  whereas  the  blade  b 
is  both  mechanically  fastened  and  electrically  connected  to 
the  plate  d. 

The  coils  of  the  interrupter  are  supplied  with  current 
from  the  same  source  as  the  primary  winding  of  the  large 
coil.  One  terminal  of  the  coils  of  the  interrupter  is  con- 
nected (see  Fig.  39)  to  the  negative  terminal  of  the  battery  B, 


'm^iml^ 


Pig.  39 


the  other  terminal  to  the  spring  r  and  through  the  contact, 
the  adjustable  screw  ;/,  the  metal  piece  r,  and  when  the 
handle  o  is  raised  sufficiently,  through  the  blade  /,  plate  d^ 
and  switch  blade  b  to  the  positive  terminal  of  the  battery  B, 
When  the  interrupter,  or  vibrator,  as  it  is  also  called,  is  at 
rest  and  the  current  is  turned  on,  the  armature  is  attracted 
and  the  circuit  containing  the  coils  %v  of  the  interrupter  is 
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broken  between  r  and  n ;  the  spring  r  and  armature  //  then 
spring  back  to  their  normal  position.  This  action  is  repeated 
and  produces  a  very  uniform  vibration  of  the  spring  and 
armature.  To  the  vibrating  spring  r  is  secured  a  small 
vertical  rod,  on  which  slides  a  small  weight  t;  the  rate  of 
vibration  of  the  interrupter  may  be  varied  within  suitable 
limits  by  raising  or  lowering  the  weight  i,  by  removing  it, 
or  by  increasing  its  weight.  The  frequency  of  a  good  spring 
vibrator  varies  from  about  150  to  300  interruptions  per 
second. 

The  current  for  the  primary  of  the  large  induction  coil 
is  interrupted  between  platinum  contact  pieces,  one  of 
which  is  fastened  to  the  spring  Zf  and  the  other  to  the  end  of 
the  adjustable  screw  /;/.  When  the  armature  //  is  attracted 
by  the  pole  pieces  /,  /,  the  hook  k  pulls  the  spring  2f  so  that  v 
is  separated  from  m  a  moment  after  r  is  separated  from  n. 
Thus,  the  currents  through  both  circuits  are  interrupted 
through  separate  contacts.  The  contact  surface  between  v 
and  m  must  be  larger  than  that  between  r  and  n  since  the 
former  breaks  a  much  larger  current.  The  arm  k  has  a 
piece  of  hard  rubber,  or  other  good  insulating  material,  under 
the  hooked  end  so  that  the  springs  7',  r  are  always  insulated 
from  each  other.  The  armature  /^,  springs  r,  v,  and 
screws  //,  ;//  are  so  arranged  and  adjusted  that  k  only  comes 
in  contact  with  v  when,  at  full  speed,  the  armature  and 
arm  k  are  drawn  toward  the  magnet,  and  then  the  main  cur- 
rent is  only  broken  momentarily.  The  ratio  between  the 
make  and  break  can  be  varied  by  screwing  ;//  farther  in  or 
out,  since  the  farther  it  is  screwed  in,  the  longer  it  will  be 
before  the  arm  k  reaches  the  spring  and  breaks  the  contact. 
It  has  been  found  that  the  longer  the  make  is,  or  the  period 
during  which  the  spring  v  is  in  contact  with  the  screw  w,  in 
comparison  to  the  time  they  are  separated,  or  the  break, 
the  greater  will  be  the  volume  of  the  induced  secondary  cur- 
rent ;  that  is,  the  volume  of  the  secondary  current  is  increased 
by  increasing  the  ratio  of  the  make  to  the  break  within  a 
reasonable  limit,  and  provided  the  sharpness  of  the  break  ia 
not  decreased 
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43.  Interlocking:  S-witch. —  The  connections  of  the 
interlocking  switch  are  about  as  shown  at  the  right  side  of 
Fig.  39.  The  brass  contact  blades  a,  b  are  fastened  in  a 
hard-rubber  disk  and  are  connected  to  the  battery  terminals 
through  rubbing  contacts  under  the  disk.  This  could  not 
very  well  be  shown  in  this  figure.  By  pulling  up  the 
handle  o  of  the  switch,  the  interrupter  circuit  is  closed 
between  e  and  b  and  the  interrupter  commences  to  vibrate. 
Then  by  turning  the  handle  o  to  the  right  or  left  the  knife 
blades  tf ,  b  make  contact  *  with  the  jaws  /,  /,  or  with  r,  q^ 
and  the  induction  coil  is  put  into  operation.  The  switch 
is  made  to  rotate  in  either  direction  so  that  the  current 
through  the  primary  of  the  induction  coil  may  be  readily 
reversed.  A  slot  under  and  into  which  a  piece  projecting 
downwards  from  the  handle  enters  prevents  the  turning  of 
the  switch  and  hence  prevents  the  closing  of  the  primary 
circuit  of  the  induction  coil  before  the  interrupter  circuit  is 
closed  between  e  and  / ;  consequently,  the  primary  circuit  of 
the  induction  coil  cannot  be  closed  until  the  interrupter, 
which  starts  very  qui.ckly,  is  in  full  operation.  For  use  with 
different  sizes  of  coils  this  interrupter  is  made  in  slightly 
different  forms  and  sizes,  but  the  connections  and  operation 
are  practically  the  same  as  shown  here. 

44.  Condensers. —  There  are  two  condensers,  one  C 
across  the  break  in  the  primary  circuit  of  the  induction  coil 
and  a  smaller  one  C,  across  the  break  in  the  interrupter-coil 
circuit.  The  capacity  of  the  condenser  Ccan  be  readily  varied 
within  certain  limits  by  the  switch  shown  at  c^  Fig.  37, 
and  C,  Fig.  39.  The  condensers  are  placed  in  the  base  of 
the  apparatus.  It  is  not  necessary  that  C,  should  be  an 
adjustable  condenser. 
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ELECTKIC  WAVES 


OSCIIiliATORY-CUBRBNT  WAVES 

> 

46.  The  action  of  oscillatory-current  waves  in  con- 
ductors may  be  explained  by  a  mechanical  analogy.  Sup- 
pose that  we  have  a  pendulum  suspended  so  that  the  bob  is 
immersed  in  a  heavy  viscous  liquid,  like  molasses.  If  the 
pendulum  bob  is  pulled  to  one  side  and  let  go,  it  will  slowly 
return  to  its  normal  central  position,  without  vibrating  or 
even  onCe  passing  its  central  position.  So  it  is  with  a  cur- 
rent produced  by  discharging  a  charged  condenser  through 
a  circuit  possessing  only  a  high  resistance.  The  current 
rises  to  its  maximum  value  almost  instantly  when  the 
charged  condenser  terminals  are  joined  by  the  high  resist- 
ance, and  then  it  gradually  dies  away. 

Suppose  that  we  now  suspend  the  pendulum  in  air.  If 
the  pendulum  bob  is  pulled  to  one  side  and  let  go,  it  will 
continue  to  vibrate  for  a  long  time.  However,  the  friction 
at  the  point  of  suspension  and  between  the  pendulum  and 
the  air  will  eventually  bring  the  pendulum  to  rest,  each 
vibration  being  a  little  smaller  than  the  preceding  one. 
But  as  a  matter  of  fact,  the  pendulum  requires  exactly  the 
same  time  to  make  a  small  vibration  as  a  large  vibra- 
tion, because  its  velocity  decreases  at  such  a  rate  that 
the  time  for  each  complete  vibration  remains  the  same, 
although  the  amplitude,  or  the  distance  the  pendulum 
swings  to  one  side  of  the  center  position,  gradually  dimin- 
ishes. So  it  is  with  a  current  produced  by  discharging  a 
charged  condenser  through  a  circuit  containing  sufficient 
inductance  as  well  as  resistance.  As  the  current  decreases 
in  value  an  electromotive  force  of  self-induction  is  pro- 
duced that  tends  to  keep  the  current  flowing,  hence  the  con- 
denser  is   not   only    completely   discharged,   but  it  is  also 
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charged  in  the  opposite  direction,  but  to  a  lesser  degree. 
A  reverse  discharge  from  the  condenser  then  follows.  As 
before,  the  condenser  is  discharged  and  then  charged,  the 
last  charge  being  in  the  same  direction  as  the  original  one. 
Thus  the  charges  surge  back  and  forth,  gradually  decreas- 
ing in  strength,  but  the  time  for  one  complete  cycle  is  the 
same  throughout.     The  curve  in   Fig.    40  represents   the 


Pig.  40 

manner  in  which  the  discharge  current  varies  in  strength. 
It  first  increases  from  a  to  ^,  then  it  dies  away  to  zero  at  c^ 
then  it  flows  in  the  opposite  direction,  increasing  in  strength 
to  d^  and  decreasing  to  zero  at  e.  It  has  now  passed  (from  a 
to  ^),  through  one  complete  cycle  of  changes.  Distances 
along  a  z  represent  time  and  distances  of  points  on  the  curve ; 
above  or  below  a  z  represent  the  relative  strength  of  the 
current ;  values  above  a  z  represent  the  strength  of  the  cur- 
rent in  one  direction,  and  values  below  represent  the  strength 
of  the  current  in  the  opposite  direction.  If  currents  repre- 
sented as  above  the  line  are  called  positive  currents,  then 
those  below  are  negative  currents,  which  merely  means  that 
the  latter  flow  in  an  opposite  direction  to  the  former.  Either 
direction  of  the  current  in  the  circuit  may  be  considered 
as  the  positive  direction.  For  instance,  / //  represents  the 
strength  of  a  positive  current  at  the  instant  /,  which 
is  a  i  seconds  later  than  a.  The  extreme  vertical  distances 
above  or  below  a  z  are  called  the  amplitudes  of  the  various 
current  discharges,  or  oscillations.  For  instance,  ^  ^  is  the 
amplitude  of  the  curve  after  the  time  a  k  has  elapsed,  and^/ 
is  the  amplitude  of  the  curve  after  the  time  ag  has  elapsed 
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since  the  current  started  at  a.  This  particular  amplitude 
corresponds  to  the  maximum  distance  from  the  center  posi- 
tion of  the  third  swing  of  the  pendulum.  Since  the  time  for 
each  complete  cycle  is  the  same,  the  distance  ae  equals  the 
distance  e m^  and  e in  equals  /;/ n ;  that  is,  ae  is  equal  to  the 
horizontal  distance  between  any  two  similarly  located  points. 
The  curve  abcde  represents  one  complete  cycle. 

If  a  condenser  is  made  to  produce  a  spark  across  an  air 
gap  in  circuit  with  it,  there  are  generally  produced  hundreds 
of  millions  of  oscillations  per  second,  but  on  account  of  this 
great  rapidity  they  appear  as  a  single  spark.  But  their 
existence  has  been  mathematically  and  experimentally 
proved,  as  well  as  the  fact  that  each  spark  is  an  oscillatory 
current  of  about  the  form  represented  in  Fig.  40. 


WAVES   THROUGH   DIEIiECTRIC   MEDIUMS 


HERTZ'S  EXPERIMENTS 

46.  A  famous  experiment  of  Hertz  is  illustrated  by 
Fig.  41,  where  /  represents  an  induction  coil,  c  two  small 
metallic  balls  separated  by  an  air  gap  and  connected  to 
metal  plates  a^  i,  and  to  the  secondary  winding  of  the 
induction  coil.  The  system  acb  is  called  the  oscillator  and 
is  given  the  proper  electrostatic  capacity  by  the  plates  ^,  b. 
ifi"  is  a  circular  conductor  about  28  inches  in  diameter,  and 
placed  as  shown.  The  two  balls  at  ^/are  separated  by  an 
air  gap  whose  length  can  be  very  minutely  adjusted.  If  the 
capacity  and  inductance  of  the  oscillator  acb  and  the  receiv- 
ing device  E  are  carefully  adjusted,  sparks  can  be  produced 
between  the  balls  at  d  when  sparks  are  produced  at  c  by 
closing  the  key  k.  As  there  is  no  electrical  connection 
whatever  between  the  oscillator  and  the  receiver,  and  the 
two  are  separated  several  feet,  it  has  been  universally 
accepted,  as  stated  by  Hertz,  that  the  action  is  due  to  elec- 
tromagnetic waves  sent  out  by  the  currents  that  oscillated 
back  and  forth  in  acb  2Lt  the  rate  of  about  100,000,000  cycles 
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per  second.  The  succession  of  waves  sent  out  by  Hertz's 
oscillator,  about  12  complete  cycles  for  each  spark,  induce 
in  the  receiver  E  electric  oscillations  of  the  same  frequency 
as  those  in  the  oscillator.  The  effect  of  successive  cycles  on 
the  receiver  is  cumulative,  producing  in  it  oscillatory  cur- 
rents that  are  in  sympathy  with  those  in  the  oscillator;  just 
as  one  tuning  fork  may  be  made  to  vibrate  in  sympathy 
with  another  tuning  fork  of  exactly  the  same  pitch,  when 
the  latter  is  set  vibrating  by  a  blow  and  held  in  the  proper 
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position  relative  to  the  first  fork.  Each  wave  striking  the 
resonator  will  tend  to  slightly  increase  the  intensity  of  the 
electromotive  force  induced  by  the  preceding  wave,  just  as 
small  pushes  given  to  a  pendulum  at  the  proper  times  will 
make  it  swing  violently.  Hence  the  electromotive  force  in 
the  resonator  will  increase  until  it  is  strong  enough  to  pro- 
duce a  minute  spark  across  rf,  the  spark  itself  consisting  of 
an  oscillating  current  of  exactly  the  same  frequency  as  that 
in  the  oscillator,  but  of  less  intensity. 

The  receiver  E  is  said  to  be  in  tune  with  the  electromag- 
netic waves,  or  with  the  oscillator  that  emits  the  waves. 
The  oscillator  and  receiver  are  said  to  be  in  tune,  resonance, 
or  syntony  with  each  other.  Hence  the  receiver,  when  in 
resonance  with  the  oscillator,  is  often  called  an  electric 
resonator. 
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ELECTROMAGNETIC  WAVES 

47*  As  already  stated,  a  spark  discharge  is  usually  an 
oscillatory  current,  and  hence  produces  an  oscillatory  mag- 
netic field  around  the  spark,  and  around  the  conductors  con- 
nected on  each  side  of  the  spark  gap.  This  magnetic  field 
increases  in  strength  as  the  current  increases,  and  decreases 
as  the  current  decreases.  Consequently,  the  magnetic  field 
has  the  same  frequency  as  the  oscillating  current,  and  is 
proportional  to  it  in  strength.  Such  rapid  changes  in  the 
magnetic  field  surrounding  the  oscillating  current  produce 
disturbances  in  space  that  are  supposed  to  travel  as  waves 
through  space.  These  electromagriietlc  waves,  which  are 
also  called  Hertzian  waves,  after  Hertz,  of  'Germany,  who 
first  experimentally  proved  their  existence,  may  be  produced 
with  such  energy  as  to  travel  long  distances.  These  are 
generally  supposed  to  be  the  waves  that  produce  wireless 
telegraph  signals.  It  has  also  been  proved  that  electromag- 
netic waves  travel  through  space  with  the  same  velocity  as 
light  (although  they  have  a  different  frequency  of  vibration), 
and  that  like  light  waves  they  may  be  reflected  and  refracted 
by  certain  substances,  such  as  a  prism  of  resin.  The  better 
conductor  a  substance  is,  the  more  opaque  it  seems  to  be  to 
electromagnetic  waves. 

48.  Just  before  a  spark  passes  between  two  conductors 
separated  by  air  or  other  dielectric,  the  dielectric  is  electric- 
ally strained ;  that  is,  an  electric  disturbance  or  displacement 
is  produced  in  the  surrounding  region.  Moreover,  it  is  said 
that  about  the  same  magnetic  field  is  set  up- by  this  disturb- 
ance as  though  an  electric  current  actually  flows.  When  the 
spark  does  pass,  an  oscillating  current  flows  and  an  oscilla- 
ting magnetic  field  is  set  up  around  the  path  of  the  current 
as  an  axis.  This  field  restores  part  of  its  energy  to  the  cir- 
cuit as  the  current  dies  away,  and  part  is  doubtless  radiated 
into  space.  When  the  potential  difference  is  equalized  by 
the  sudden  discharge,  the  electric  tension  in  the  dielectric 
is   relieved,   and  displacement  currents,  or  electric  waves, 
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are  said  to  be  sent  out  intp  space.  As  a  result  of  the 
electric  and  electromagnetic  disturbances,  whether  they  are 
distinct  or  are  one  and  the  same  phenomenon,  disturbances, 
in  the  form  of  waves,  are  sent  out  into  space  in  all  directions; 
hence  the  energy  due  to  these  waves  that  is  received  at 
various  distances  decreases  about  as  the  cube  of  the  distance 
from  the  originating  point,  or,  according  to  a  reliable  author- 
ity, as  the  square  of  twice  the  distance.  For  this  reason 
the  difficulty  in  signaling  through  space  increases  very  rap- 
idly as  the  distance  is  increased. 

If  n  is  the  frequency,  that  is,  the  number  of  complete 
cycles  per  second,  /  the  wave  length,  and  v  the  velocity  of 

propagation,  then 

V  =  nl  (13) 

for  any  system  of  waves.  Electromagnetic  waves  range 
from  2^  inches  to  18  miles  in  length  and  have  a  frequency 
from  480,000,000  to  10,000  periods  per  second,  respectively  ; 
whereas  light  waves  range  from  165  millionths  of  an  inch  to 
272  millionths  of  an  inch  in  length  and  have  a  frequency  of 
from  740  trillions  to  434  trillions  of  periods  per  second, 
respectively.  Oscillatory  currents  of  any  frequency  may 
persist  for  a  long  or  short  time  ;  that  is,  there  may  be  a  very 
large  number  of  oscillations  or  only  a  very  few.  For  instance. 
Hertz  obtained  with  his  apparatus  sparks  that  consisted 
of  about  12  oscillations,  each  oscillation  lasting  less  than 
T6irt)Jinnnr  ^^  ^  second,  while  others  have  succeeded  in 
obtaining  20,000  oscillations  before  they  died  out. 
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UNITS 

49.  In  the  tables  of  magnetic  and  electrical  units  that 
will  now  be  given,  the  quantity  r,  which  occurs  in  the  ratio 
between  the  practical  and  C.  G.  S.  electrostatic  units,  equals 
the  velocity  of  light  in  air  and  has  a  value  of  3  X  10" 
centimeters  per  second.  The  magnetic  units  that  would 
correspond  to  the  electrical  units  of  the  practical  system  are 
not  used  and  have  not  been  even  named  on  account  of  their 
inconvenient  magnitudes.  The  gilbert  and  oersted  were 
adopted  by  the  American  Institute  of  Electrical  Engineers 
in  1894,  but  are  not  very  generally  used.  Not  having  been 
even  sanctioned  by  any  international  convention  these  two 
units  may  have  their  names  changed  at  some  future  time. 
All  the  practical  electromagnetic  units  named,  except  the 
mho,  have  been  adopted  by  some  international  convention 
and  their  use  legalized  by  most  of  the  important  nations  of 
the  world.  The  C.  G.  S.  electromagnetic  and  electrostatic 
units  have  not  been  given  any  names. 

Dr.  A.  E.  Kennelly  has  suggested  that  the  prefixes  ab-  or 
abs-  be  applied  to  the  names  volt,  ohm,  etc.,  to  designate 
the  corresponding  absolute  electromagnetic  units;  thus 
abvolt,  absohm,  etc.,  mean  the  absolute,  or  C.  G.  S.,  electro- 
magnetic units  of  E.  M.  P.,  resistance,  etc.  Similarly  the 
prefix  abstat'  designates  the  corresponding  C.  G,  S.  electro- 
static units.  These  terms  are  now  being  used  by  some 
writers. 
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CHEMISTRY  AND  ELECTROCHEMISTRY 


THE   PRINCIPLES  OF  CHEMISTRY 


rNTBODUCTORT 

1.  In  order  to  understand  electric  batteries  and  their 
working,  it  is  necessary  to  understand  the  rudimentary 
principles  of  chemistry.  Only  those  facts  that  bear  directly 
on  the  internal  actions  of  batteries  are  here  given,  and  all 
other  theories  and  facts  not  essential  to  the  practical  engi- 
neer or  electrician  are  purposely  omitted. 

2.  Matter. — Matter  is  anything  that  possesses  weight, 
that  is,  is  acted  on  by  gravity.  It  presents  itself  to  us 
in  three  physical  states,  called,  respectively,  the  solidy  the 
liquidy  and  the  gaseous. 

3.  Division  of  Matter. — Science  assumes  three  divi- 
sions of  matter — masses^  molecules^  and  atoms.  A  mass  is 
any  portion  of  matter  appreciable  by  the  senses.  A  mole- 
cule is  the  smallest  particle  of  matter  into  which  a  body 
can  be  divided;  it  is  the  smallest  particle  that  is  capable 
of  separate  existence.  An  atom  is  the  still  smaller  particle 
produced  by  the  division  of  a  molecule  by  chemical  means, 
and  is  regarded  by  chemists  as  the  unit  quantity  of  chem- 
ical combination. 

4.  Physical  and  Cliena.lcal  Properties. — Physical 
properties  may  be  described  as  those  properties  that  a 
body  possesses  as  a  result  of  its  molecular  condition,  while 
chemical  properties  are  those  that  a  substance  or  body 
possesses  as  the  result  of   the  atomic  composition  of  its 
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molecule.  Tenacity,  which  signifies  the  amount  of  cohesive 
attraction,  and  color,  which  is  the  result  of  the  action  of  the 
molecules  of  a  body  on  light,  are  properly  termed  physical 
properties,  while  such  properties  as  combustibility,  ezplosi- 
bility,  affinity,  etc.  are  chemical  properties. 

5.  Difference  Between  Clieniical  and  Physical 
Changres. — It  is  of  great  importance  to  distinguish  between 
what  are  simply  alterations  in  the  physical  properties  of 
matter  and  what  are  chemical  changes.  A  description  of 
the  following  simple  experiments  will  greatly  facilitate  this 
object: 

1.  If  a  piece  of  platinum  wire  is  heated,  we  find  that  it 
soon  becomes  white  hot,  and  if  the  wire  be  removed  from  the 
source  of  heat  and  allowed  to  cool  it  recovers  its  original 
brightness;  the  heat  has  not  altered  it  in  the  least,  not  even 
tarnished  it. 

2.  Next  a  piece  of  bright,  new  iron  wire  is  heated  in  the 
same  way  and  allowed  to  cool;  the  wire  is  tarnished  but  has 
otherwise  not  undergone  any  remarkable  change. 

3.  If  a  piece  of  magnesium  wire  is  placed  in  the  flame, 
it  will  bum  with  a  peculiar,  dazzling,  white  light,  depositing 
a  white,  easily  powdered  substance,  composed  of  oxygen  and 
magnesium,  known  as  magnesia. 

In  the  first  of  these  experiments,  the  change  is  merely 
physical;  the  hot  platinum  wire  possessed  properties  very 
different  from  those  it  had  when  cold,  but  as  soon  as  it 
cooled  again  it  regained  its  original  character.  With  the 
iron  wire,  in  the  second  experiment  a  slight,  but  permanent, 
change  is  produced  on  the  surface,  which  is  of  a  chemical 
character,  but  the  main  portion  of  the  wire  is  unchanged. 
In  the  third  experiment,  there  has  been  a  very  decided 
chemical  action;  the  magnesium,  as  such,  has  entirely  dis- 
appeared and  a  new  substance  has  been  produced  and  has 
taken  its  place.  Chemical  changes  are  changes  that  take 
place  within  the  molecule;  they  alter  the  character  of  the 
molecule,  and  thus  cause  a  change  in  the  character  of  the 
substance  itself. 
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6.     Meclianical  Mixtures  and  Chemical  Compounds. 

It  is  important  to  further  distinguish  between  a  mere 
mechanical  mixture  and  a  chemical  combination;  this  dis- 
tinction is  most  easily  made  plain  by  the  study  of  a  few 
typical  experiments. 

If  powdered  sulphur  and  finely  divided  copper  filings  are 
mixed  together,  the  characteristic  color  of  the  sulphur  and 
of  the  copper  disappear,  and,  to  the  unaided  eye,  the  mix- 
ture will  show  a  uniform  greenish  color.  By  the  aid  of  a 
microscope,  however,  the  particles  of  copper  and  sulphur 
may  be  distinctly  seen  lying  side  by  side;  the  mixture  can 
easily  be  separated  again  and  the  original  colors  restored  by 
washing  away  the  lighter  particles  of  sulphur.  Evidently 
no  chemical  combination  has  taken  place,  but  an  intimate 
mechanical  mixture  has  been  produced.  If,  however,  this 
mixture  is  heated,  a  remarkable  and  different  change  takes 
place;  the  mixture  will  begin  to  glow,  and  on  examining 
the  mass  it  will  be  noticed  that  both  the  copper  and  the 
sulphur  as  such  have  disappeared.  Neither  can  be  dis- 
tinguished even  with  the  most  powerful  microscope,  but 
in  their  place  is  a  black  substance  with  properties^such 
as  form,  appearance,  specific  gravity,  etc. — that  are  essen- 
tially different  from  those  possessed  by  either  copper  or 
sulphur.  Here  a  chemical  change  has  actually  taken  place; 
the  copper  and  sulphur  under  the  influence  of  heat  have 
combined  and  a  new  substance  with  different  properties  has  . 
been  obtained. 

These  two  experiments  show  conclusively  that  a  chemical 
combination  is  widely  different  from  a  mere  mixture.  In 
the  first  case,  the  resultant  body  is  a  mean  in  appearance, 
specific  gravity,  etc.  between  its  constituents;  each  still 
has  its  individual  properties.  In  the  second  case,  the 
resultaqt  body  is  more  or  less  different  in  appearance  and 
properties  from  those  of  which  it  is  composed.  Further, 
as  will  be  presently  demonstrated,  when  substances  combine 
chemically  they  invariably  do  so  in  definite  proportions. 
In  a  mixture,  substances  may  evidently  be  present  in  any 
proportion  whatever. 
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7.  Indestructibility  of  Matter. — Although  chemical 
action,  such  as  combination,  certainly  can  produce  wonderful 
changes,  there  is  one  thing  that  cannot  be  accomplished:  it 
can  neither  create  nor  destroy  matter.  By  the  most  careful 
observation  of  all  known  cases  of  chemical  action,  it  has 
been  positively  proved  that  a  loss  of  matter  never  occurs, 
that  matter  is  indestructible,  and  that  even  in  such  chemical 
actions  as  the  burning  and  slow  disappearance  of  a  candle, 
there  is  simply  a  change  of  state  but  never  an  annihilation 
of  matter.  The  truth  of  this  fundamental  principle  of  chem- 
istry has  been  experimentally  demonstrated  by  showing  that 
the  weights  of  substances  acting  chemically  on  one  another 
are  always  the  same  after  chemical  changes  and  actions 
have  taken  place  as  they  were  before. 

8.  Division  of  Chemical  Action. — Chemical  actions 
may  be  divided  into  the  following  three  classes: 

1.  Synthetical  reactionist  or  actions  of  composition;  that  is, 
those  actions  in  which  a  substance  is  formed  by  the  union  of 
two  or  more  simpler  ones. 

2.  Analytical  reactixmSy  or  reactions  of  decomposition; 
that  is,  those  reactions  in  which  a  substance  is  split  up  into 
two  or  more  simpler  ones. 

3.  Metathetical  reactions  are  those  that  involve  both  decom- 
position and  recomposition. 


liAWS    OF    CHEMICAIi    COMBINATION 


MOLECULES    AND    ATOMS 

9«  Cliemical  Definition  of  Molecule. — A  molecule  is 
a  group  of  two  or  more  atoms  that  are  united  by  their 
affinity  or  mutual  attraction.  It  is  the  smallest  part  of 
any  substance  that  can  be  obtained  and  still  exist  in  a 
free  or  uncombined  state. 

10.  Classification  of  Molecules. — Molecules  may  be 
divided  into  two  classes;  (1)  Elemental  molecules,  which 
are  formed  by  like  atoms;    (2)  compound  molecules,  which 
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are  formed  by  unlike  atoms.  Matter  composed  of  mole- 
cules containing  like  atoms  is  termed  simple,  or  elementary^ 
matter;  matter  whose  molecules  are  composed  of  dissimilar 
atoms  is  called  compound  matter, 

11.  The  simplest  way  to  distinguish  elemental  molecules 
from  compound  molecules  is  to  cause  a  rearrangement  of  the 
atoms  between  two  similar  molecules.  Elemental  molecules 
do  not  yield  any  new  kind  of  matter,  whereas  compound 
molecules  produce  elemental  molecules.  If,  for  instance,  it 
is  assimaed  that  a  a  and  a  a  are  two  molecules  each  composed 
of  the  two  atoms  a  and  a,  it  will  be  impossible  to  obtain,  by 
any  rearrangement,  any  other  molecules  than  a  a  and  a  a. 
But  should  the  molecules  he  ab  and  a  by  that  is,  compound 
molecules,  and  each  be  composed  of  the  dissimilar  atoms 
a  and  by  a  rearrangement  of  the  atoms  will  give  the  elemental 
molecules  a  a  and  bb. 

12.  Number  of  Elemental  Molecules. — ^Although  the 
number  of  substances  around  us  is,  so  to  speak,  unlimited, 
yet  there  are  comparatively  few  elemental  molecules;  the 
number  of  those  that  has  been  positively  ascertained  is 
approximately  seventy-six.  As  every  elementary  molecule 
is  composed  of  atoms  that  are  similar  to  the  molecule,  it  is 
self-evident  that  the  nmnber  of  elemental  atoms  is  also 
approximately  seventy-six. 

13.  Nomenclature  of  Elemental  Molecules  and 
Atoms. — Elemental  molecules  and  their  atoms' always  pos- 
sess the  same  name,  which  in  some  instances  is  the  one  by 
which  these  substances  are  known  in  every-day  life,  as,  for 
instance,  gold,  silver,  iron,  copper,  etc.;  in  other  cases  the  name 
is  chosen  on  account  of  striking  properties.  So,  for  instance, 
chlorine  obtained  its  name  from  the  Greek  name  of  its  color. 

14.  Avogadro'sljaw. — The  Italian  physicist  Avogadro, 
in  1811,  and,  independently.  Ampere,  a  French  chemist,  in 
1814,  as  a  result  of  various  investigations  and  experiments, 
established  the  following  law,  which  by  right  of  priority  is 
generally  known  as  Avogadro 's  law. 
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Ijaw. — Equal  volumes  of  all  substances ^  in  the  gaseous  state 
and  at  the  same  temperature  and  pressure^  contain  an  equal 
number  of  molecules. 

From  this  law  it  obviously  follows:  (1)  That  the  molecules 
of  all  bodies  in  a  gaseous  state  must  be  of  equal  size»  or  at 
least  occupy  the  same  space.  (2)  That  the  weight  of  any 
molecule — compared  with  that  of  a  molecule  of  hydrogen — 
is  proportional  to  the  weight  of  any  given  volume,  also  com- 
pared with  an  equal  volume  of  hydrogen.  If,  for  instance, 
1  liter  of  chlorine  weighs  35.5  times  as  much  as  1  liter  of 
hydrogen,  one  chlorine  molecule  must  weigh  35.5  times  as 
much  as  one  molecule  of  hydrogen,  if  the  above  law  is  true. 

15«  If  one  volume  of  hydrogen  and  one  volume  of 
chlorine  are  mixed  and  exposed  to  the  light,  two  volumes  of 
hydrochloric  acid  are  obtained,  and  assuming  that  one  volume 
of  hydrogen  gas  contains  five  hundred  molecules  of  hydrogen 
and  one  volume  of  chlorine  gas  contains  five  hundred  mole- 
cules of  chlorine,  we  will  have  one  thousand  molecules  of  the 
compound.  Submitting  hydrochloric  acid  to  an  analysis,  it 
is  found  that  each  of  its  molecules  is  composed  of  one  atom 
of  chlorine  and  one  atom  of  hydrogen,  and  since  the  thousand 
molecules  of  hydrochloric  acid  were  formed  from  five  hundred 
molecules  of  hydrogen  and  five  hundred  molecules  of  chlorine, 
it  is  evident  that  each  of  these  molecules  must  have  furnished 
two  atoms.  From  this  fact  we  can  state  that  a  molecule  of 
hydrogen  is  composed  of  two  atoms. 

If,  then,  we  further  assume  that  the  weight  of  an  atom  of 
hydrogen  is  1,  so  as  to  serve  as  a  unit,  the  weight  of  a 
molecule  of  hydrogen,  that  is,  its  molecular  weight,  is  2. 

16.  Density. — By  density  of  a  body  is  meant  its  mass 
or  quantity  of  matter,  compared  with  the  mass  or  quantity 
of  matter  of  an  equal  volume  of  some  standard  body  arbi- 
trarily chosen.  As  hydrogen  is  chosen  as  this  standard,  the 
molecular  weight  of  any  substance  may  be  obtained  by  mul- 
tiplying its  density  by  2. 

17,  Classes  of  Elements. — The  elements  are  divided 
into  two  general  classes — the  metals  and  the  non-metals^  or 
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metalloids;  but  these  classes  are  not  so  separated  that  all 
the  elements  on  one  side  of  a  sharp  boundary  line  can  be 
said  to  be  metals,  and  all  on  the  other,  non-metals.  The 
elements  can  be  arranged  in  a  series  that  will  pass  gradually 
from  strongly  metallic  elements  on  one  hand  to  strongly 
non-metallic  on  the  other,  but  there  is  a  point  in  the  series 
where  an  element  resembles  both  a  metal  and  non-metal. 
In  the  table  of  elements,  those  generally  considered  to  be 
metals  are  printed  in  ordinary  type  and  the  non-metals  in 
Italic. 

18.  Symbols. — To  prevent  constant  repetition  of  the 
names  of  the  elements,  and  to  aid  in  expressing  the  compo- 
sition of  substances,  abbreviations,  or  symbols,  are  used 
instead  of  names;  these  symbols  consist  of  the  initial  letter, 
or  the  initial  letter  and  another  letter,  of  its  name.  Some- 
times they  are  derived  from  the  Latin  names,  which  are  often 
very  different  from  the  common  ones.  Such  is  the  case  with 
the  elements  sodium  {Na  from  natrium)^  lead  {Pb  from 
plumbum) y  mercury  {Hg  from  hydrargyrum) ^  iron  {Fe  from 
ferrum)y  and  copper  {Cu  from  cuprum). 

The  names,  symbols,  and  atomic  weights  of  the  most 
prominent  elements  are  given  in  Table  I.  The  numerals  in 
the  column  headed  Common  Valence  will  be  explained  later. 

19.  Ijaw  of  Definite  Proportions. — It  has  been  deter- 
mined, as  the  result  of  many  experiments,  that  when  elements 
form  a  compound  they  always  combine  in  definite  propor- 
tions, which  are  always  the  same  for  the  same  compound. 
When  oxygen  and  hydrogen  combine  to  form  water  they 
always  combine  in  the  proportion  of  one  part,  by  weight,  of 
hydrogen  to  eight  parts,  by  weight,  of  oxygen;  or,  expressed 
in  percentage  composition,  11.111  per  cent.,  by  weight,  of 
hydrogen  to  88.889  per  cent.,  by  weight,  of  oxygen.  The 
same  compound  always  contains  the  same  elements  combined 
in  the  same  proportion  by  weight.  This  is  known  as  the 
la^v  of  definite  proportions. 

20.  Ijaw  of  Multiple  Proportions. — In  many  cases 
it  is  possible  to  get  more  than  one  compound  from  the  same 

43—20 
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TABIiE  I 


Name  of  Element 

Symbol 

Atomic 
Weiffht 

27.1 

Common 
Valence 

Chemical 
Equivalent 

Aluminum     .    .    . 

Al 

III 

9.03 

Antimony  . 

Sb 

120.2 

III-V 

40.067 —  24.04 

Arsenic  . 

As 

75.0 

III-V 

25-       —  15. 

Barium   . 

Ba 

137-4 

II 

68.7 

Bismuth 

Bi 

208.5 

III-V 

69.5     —  41,7 

Boron 

B 

II.O 

III 

3.67 

Bromine 

Br 

79.96 

I 

79.96 

Cadmium  . 

Cd 

112. 4 

II 

56.2 

Calcium 

Ca 

40.1 

11 

20.05 

Carbon    .    . 

C 

12.0 

IV 

3- 

Chlorine 

CI 

35.45 

I 

35.45 

Chromium 

Cr 

52.1 

II-VI 

26.05  —    8.68 

Cobalt     . 

Co 

59.0 

II-III 

295     —  19.67 

Copper    . 

Cu 

63.6 

I-II 

63.6    —  31.8 

Fluorine 

F 

19. 0 

I 

19. 

Gold    .   . 

Au 

197.2 

III 

65.73 

Hydrogen 

H 

1.008 

I 

1.008 

Iodine  .   . 

I 

126.85 

I 

126.85 

Iron      .    . 

Fe 

55-9 

II-III 

2795  —  18.63 

Lead    .    . 

Pb 

206.9 

II-IV 

103.45  —  51.73 

Lithium  . 

Li 

7.03 

I 

703 

Magnesium 

Mg 

24.36 

II 

12.18 

Manganese 

Mn 

55.0 

II-VII 

27.5     —     7.86 

Mercury 

Hg 

200.0 

I-II 

200.0    — 100. 0 

Nickel     . 

Ni 

58.7 

II-III 

29.35  —  19.57 

Nitrogen 

N 

14.04 

Ill-V 

4.68  —    2.81 

Oxygen   . 

O 

16.0 

11 

8.0 

Palladium 

Pd 

106.5 

IV 

26.63 

Phosphorus 

P 

31.0 

III-V 

10.33  —    6.2 

Platinum 

Pt 

194.8 

IV 

48.7 

Potassium 

K 

39-15 

1 

39-15 

Selenium 

Se 

79.2 

II 

39.6 

Silicon    . 

Si 

28.4 

IV 

7.1 

Silver  .   . 

Ag 

107.93 

1 

107.93 

Sodium  .    . 

Na 

23.05 

1 

23.05 

Strontium 

Sr 

87.6 

II 

43.8 

Sulphur 

S 

32.06 

II 

16.03 

Tellurium 

Te 

127.6 

11 

63.8 

Thallium    . 

Tl 

204.1 

I-III 

204.1     —  68.03 

Thorium 

Th 

232.5 

IV 

58.13 

Tin  .... 

Sn 

119. 0 

II-IV 

59.5           29.75 

Tungsten 

W 

184.0 

IV-VI 

46.0    —  30.67 

Uranium 

u 

239.5 

IV-VI 

59.88         39.92 

Vanadium 

V 

51.2 

III-V 

17.07  —  10.24 

Zinc     .    .    . 

Zn 

65.4 

" 

32.7 

Note.— The  names  of  non-metallic  elements  are  printed  in  Italic. 


§6       CHEMISTRY  AND  ELECTROCHEMISTRY         9 

elements.  It  has  been  found  that  if  two  elements  combine 
to  form  more  than  one  compound,  the  different  quantities  of 
one  that  unite  with  a  fixed  quantity  of  the  other,  bear  a 
simple  ratio  to  each  other.  This  is  known  as  the  law  of 
multiple,  proportions.  The  following  example  will  make 
the  law  more  readily  understood:  Carbon  and  oxygen  com- 
bine in  two  proportions.  In  carbon  monoxide,  three  parts, 
by  weight,  of  carbon  combine  with  four  parts,  by  weight, 
of  oxygen;  and  in  carbon  dioxide,  three  parts  of  carbon 
combine  with  eight  parts  of  oxygen.  The  ratio  of  oxygen 
in  the  two  compounds,  4  to  8  or  1  to  2,  is  obviously  a 
simple  one. 

21,  Atomic  Theory. — ^To  account  for  the  laws  of  defi- 
nite and  multiple  proportions,  we  have  the  atomic  theory 
of  Dalton,  which  holds  that  there  is  a  limit  to  the  divisibility 
of  matter  and  that  these  extremely  small  indivisible  particles, 
called  atoms,  are  of  the  same  weight  for  the  same  element 
but  that  the  weight  of  an  atom  of  each  element  differs  from 
the  weight  of  an  atom  of  all  other  elements.  Chemical  com- 
pounds result  from  the  union  of  atoms  of  different  elements; 
and  since  the  atoms  of  any  one  element  are  all  alike,  it  is 
easy  to  account  for  the  laws  of  definite  and  multiple  propor- 
tions by  the  atomic  theory. 

22,  Atomic  Weijyhts. — Hydrogen  combines  with  other 
elements  in  the  smallest  proportion,  by  weight,  of  any  of 
the  elements.  The  smallest  proportion,  by  weight,  of 
oxygen  that  has  been  known  to  enter  into  combination, 
is  15.88  times  the  corresponding  weight  of  hydrogen. 
This  weight  for  the  element  chlorine  is  35.18  times  the 
corresponding  weight  of  hydrogen.  These  relative  weights 
of  the  elements  are  called  the  atomic  weights.  If  hydro- 
gen is  made  the  standard  for  comparison  and  the  weight  of 
its  atom  is  called  1,  the  atomic  weights  of  oxygen  and 
chlorine,  become,  respectively,  15.88  and  35.18. 

For  some  time  it  was  thought  that  the  atomic  weight  of 
oxygen  was  exactly  16  times  the  atomic  weight  of  hydrogen; 
but  by  comparatively  recent  and  more  exact  determinations 
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of  this  atomic  ratio  the  value  has  been  found  to  be  15.88  :  1. 
It  is,  then,  obvious  that  if  we  let  the  atomic  weight  of 
hydrogen  equal  1,  the  atomic  weight  of  oxygen  will  equal 
15.88;  or  if  we  take  oxygen  as  the  standard  for  compari- 
son and  call  its  weight  exactly  16,  then  the  atomic  weight  of 
hydrogen  must  equal  1.008.  The  ratio  15.88  :  1,  or  the  ratio 
between  any  two  elements,  is  a  definite  quantity  in  each  case, 
but  the  actual  numbers  used  are  arbitrary.  Thus,  we  might 
call  hydrogen  5;  then  the  atomic  weight  of  oxygen  must  be 
5  X  15.88  or  79.4;  or  we  might  call  oxygen  exactly  100,  when 
the  atomic  weight  of  hydrogen  must  be  iWf  =  6.297. 

The  two  standards  in  present  use  are  H  ^\  and  O  =  16.  If 
//"=  1,  then  chlorine  =  35.18,  lead  =  205.35,  iron  =  55.5,  etc. 
If  O  =  16,  then  chlorine  =  35.45,  lead  =  206.9,  iron  =  55.9, 
etc.  The  generally  accepted  atomic  weights  are  based  on 
the  standard,  O  =  16.  The  atomic  weights  of  the  more 
important  elements  are  given  in  the  third  column  of  Table  I, 
and  are  based  on  the  oxygen  standard.  In  calculations 
where  great  accuracy  is  not  required,  it  is  customary  to  use 
round  numbers  for  the  atomic  weight;  thus,  //^  =  1,  instead 
of  1.008;  CI  =  35.5,  instead  of  35.45;  iron  =  56,  instead 
of  55.9;  etc. 

The  atomic  weights  are,  then,  the  relative  weights  of  the 
atoms  of  the  different  elements.  The  actual  weights  of  some 
of  the  atoms  have  been  calculated,  but  these  are  extremely 
small  and  are  unimportant  here. 

23.  In  writing  the  results  of  chemical  reactions  the 
symbols  of  the  elements  represent  single  atoms.  Thus,  // 
represents  an  atom  of  hydrogen;  O,  an  atom  of  oxygen;  C/, 
an  atom  of  chlorine;  etc. 

24.  A  compoimd  is  represented  by  a  single  molecule. 
Its  formula  is  the  representation  of  one  of  its  molecules  by 
the  use  of  symbols  and  figures;  thus,  sodium  chloride 
(common  salt),  whose  molecules  each  consist  of  one  atom 
of  sodium,  Na,  and  one  atom  of  chlorine,  67,  is  represented 
by  the  formula  NaCL  Zinc  sulphate,  whose  molecule 
consists    of  one  atom  of  zinc,   Z//,   one    atom   of   sulphur. 
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5",  and  four  atoms  of  oxygen,  6>,  is  represented  by  the 
formula  ZnSO^,  The  formula  of  a  compound  is  repre- 
sented by  placing  the  symbols  of  the  component  elements 
side  by  side;  where  more  than  one  atom  of  the  same 
element  occurs  in  a  molecule,  the  figure  expressing  this 
number  is  written  at  the  right  and  a  little  below  the  cor- 
responding symbol. 

25.  The  molecular  weight  of  a  compound  is  the  sum  of 
the  weights  of  the  atoms  composing  the  compound.  Thus 
a  molecule  of  sulphuric  acid  has  the  formula  H^SO^.  The 
atomic  weights  of  the  elements  are //'=!,  5=32,  and  0=\Q\ 
then  (2  X  1)  +  (1  X  32)  -f  (4  X  16)  =  98.  molecular  weight 
of  sulphuric  acid.  Nitric  acid  has  the  formula  HNO^,  The 
atomic  weight  of  nitrogen  being  14,  (1  X  1)  +  (1  X  14) 
-f  (3  X  16)  =  63,  the  molecular  weight  of  nitric  acid. 

26.  Affinity. — When  different  elements  combine  to 
form  a  compound,  heat  is  generally  produced;  the  develop- 
ment of  heat,  therefore,  is  the  most  usual  indication  that  a 
chemical  reaction  is  taking  place.  Certain  elements  have 
an  attraction  for,  or  a  tendency  to  combine  with,  certain 
other  elements;  this  attraction  is  expressed  by  saying  that 
the  elements  have  an  affinity  for  each  other.  Different 
elements  have  different  affinities  for  each  other.  Oxygen 
and  hydrogen  have  a  strong  affinity  for  each  other;  oxygen 
and  silver,  a  weak  affinity;  while  oxygen  and  fluorine  have  no 
affinity  and  therefore  do  not  combine.  Elements  that  have  a 
strong  affinity  form  stable  compounds;  that  is,  the  compounds 
are  not  readily  decomposed.  The  weaker  the  affinity  of  the 
uniting  elements  the  more  unstable  is  the  resulting  com- 
pound. Lead  oxide,  PbOy  is  a  stable  compound,  but  lead 
peroxide,  PbO^y  is  unstable  and  is  readily  decomposed  into 
oxygen  and  lead  oxide,  PbO.  In  compounds  like  lead  per- 
oxide the  extra  atom  of  oxygen  is  but  loosely  held  or 
combined  in  the  compound  and  is  very  readily  given  up. 

Affinity  is  the  attractive  force  of  atoms  and  must  not  be 
confused  with  the  attractive  force  of  cohesion,  which  is  the 
force  holding  particles  of  the  same  kind  together  in  masses. 
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The  difference  between  the  two  forces  may  be  illustrated 
thus:  Ice  is  a  solid  and  the  force  of  cohesion  in  this  case  acts 
strongly.  By  applying  heat  the  ice  melts  to  water;  the  par- 
ticles cohere  less  strongly.  By  heating  the  water  to  100° 
centigrade,  or  above,  it  is  changed  to  steam,  in  which  state 
there  is  no  cohesion  between  the  particles.  The  atoms  of 
hydrogen  and  oxygen,  which  compose  the  ice,  water,  or 
steam,  still  have  a  strong  aiEnity  for  each  other  and  remain 
firmly  combined. 

27.  Elemental  Molecules. — In  most  cases  atoms  of 
the  same  element  combine  to  form  molecules  of  that 
element;  thus,  two  hydrogen  atoms  may  combine  to  form 
a  molecule  of  hydrogen,  //,,  and  two  oxygen  atoms  combine 
to  form  a  molecule  of  oxygen,  O,.  Atoms  of  the  same 
element,  however,  have  only  a  weak  affinity  for  each  other. 
At  ordinary  temperatures  mercury  atoms  do  not  combine  to 
form  molecules, 

28.  Nascent  State. — At  the  instant  an  element  is  set 
free  from  a  compound,  it  is  said  to  be  in  a  nascent  state; 
it  is  then  more  active,  that  is,  it  combines  more  readily  with 
other  elements.  If  the  element  does  not  combine  with  some 
other  element  at  the  moment  it  is  set  free,  its  atoms  com- 
bine with  each  other,  in  which  condition  the  element  is  less 
active. 

29.  Heat  From  Chemical  Action. — ^When  compounds 
are  formed,  there  is  usually  a  production  of  heat.  The 
stronger  the  affinity  of  the  uniting  elements  for  each  other,  the 
more  heat  there  is  produced  by  the  reaction;  the  amount  of 
heat  is,  therefore,  a  measure  of  the  force  producing  the  com- 
bination. The  heat  given  out  by  the  reaction  that  produces  a 
compound  from  its  elements,  is  called  the  heat  of  formation 
of  that  compound,  and  when  spoken  of  must  refer  to  some 
definite  amount  of  the  substance;  the  quantity  usually  taken  is 
the  gram-molecular  weight  of  the  compound.  This  simply 
means  that  for  a  compound  having  a  molecular  weight  of, 
say,  18,  the  heat  of  formation  is  the  quantity  of  heat  evolved 
when  18  grams  of  the  compound  are  formed  directly  from  its 
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elements.  The  heat  is  generally  measured  in  the  lesser,  or 
gram-degree,  calorie,  which  is  the  quantity  of  heat  required 
to  raise  1  gram- of  water  1°  centigrade.  The  heat  of' forma- 
tion of  sulphuric  acid  has  been  found  to  be  193,100  calories; 
this  means  that  when  32  grams  of  solid  sulphur,  64  grams  of 
oxygen  gas,  and  2  grams  of  hydrogen  gas  combine  to  form 
98  grams  of  sulphuric  acid,  there  is  evolved  a  quantity  of 
heat  sufficient  to  raise  the  temperature  of  193,100  grams  of 
water  1°  centigrade. 

In  battery  work,  the  heats  of  formation  are  not  very  useful, 
since  most  of  the  battery  reactions  do  not  involve  the  for- 
mation of  compounds  from  their  elements  but  rather  from 
other  compounds  and  elements  together.  A  common  case  is 
where  zinc  combines  with  sulphuric  acid;  the  first  being  an 
element  and  the  second,  a  compound.  The  heat  developed 
by  such  a  reaction  is  called  the  heat  of  combtTiationy  or 
reaction^  of  zinc  and  sulphuric  acid;  the  substances  involved 
in  the  reaction  always  being  named.  This  naming  of  the 
substances  involved  is  necessary  to  distinguish  from  heat  of 
formation,  which  always  means  the  heat  produced  by  the  for- 
mation of  a  compound  from  its  elements. 

Table  II  gives  the  heats  of  formation  of  a  few  common  sub- 
stances.    The  term  gram  equivalent  will  be  explained  later. 

30.  The  exact  nature  of  chemical  action  is  not  known, 
any  more  than  is  the  exact  nature  of  electricity  or  heat;  but 
it  is  similar  to  other  physical  phenomena  in  that  it  is  a  mani- 
festation of  energy.  This  energy  is  apparently  stored  in  the 
atoms  of  the  elements  as  potential  energy,  and  causes  them 
to  have  an  affinity  for,  or  a  tendency  to  combine  with,  other 
atoms;  the  strength  of  this  affinity  depends  on  the  relative 
amounts  of  potential  energy  stored  in  the  combining  atoms. 
Under  proper  conditions  these  affinities  cause  the  atoms  to 
combine,  and  their  potential  energy  then  appears  as  kinetic 
energy,  usually  in  the  form  of  heat,  but  under  special  con- 
ditions, in  the  form  of  an  electric  current.  Thus,  while  chem- 
ical combination  develops  kinetic  energy,  to  bring  about  a 
chemical  decomposition,  the  same  energy  must  be  supplied. 
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TABIiE  II 


HEATS    OF    FORMATION 


Compound 


Cadmium  oxide 

Carbon  dioxide 

Copper  oxide 

Hydrochloric  acid 

Lead  oxide 

Iron  oxide  (ous) 

Nickel  oxide 

Potassium  chloride  .... 

Silver  oxide 

Water 

Zinc  oxide 

Sulphuric  acid  (anhydrous) 
Sulphuric  acid  (with  water) 


• 

Constituents 

Calories 
per  Gram 
Molecule 

Cd-O 

65,680 

C-2O 

97,000 

Cu-O 

37,200 

H-Cl 

22,000 

Pb-0 

50,300 

Fe-O 

68,200 

Ni-0 

60,840 

K-Cl 

105,600 

zAg-O 

6,000 

2H-O 

68,000 

Zn-O 

85,400 

H,-S-0. 

I93i000 

H.-S-0.-H,0 

210,700 

Calories 
per  Gram 
Equivalent 


32,840 
24,250 
18,600 
22,000 

25,150 
34,100 
30,420 
105,600 
3,000 
34,000 
42,700 


31  •  Some  elements  do  not  produce  heat  when  they 
combine  with  each  other,  but  require  heat,  or  energy  in 
some  form,  to  cause  them  to  unite;  compounds  thus  formed 
are  called  endothermtc  compounds^  while  those  that  produce 
heat  in  their  formation  are  called  exothermic  compounds. 


ACIBS.    BASES.    AKB    SALTS 

32.  An  acid  is  a  compound  containing^  hydrogen,  which 
hydrogen  may  be  replaced  by  a  metal  when  the  acid  is 
treated  with  a  metal,  a  base,  or  an  oxide  of  a  metal.  A  base 
is  a  compound  containing  a  metal  combined  with  hydrogen 
and  oxygen,  the  metal  of  which  may  be  readily  replaced  by 
hydrogen  when  the  base  is  treated  with  an  acid.  A  salt  is 
a  compound  formed  by  the  action  of  an  acid  on  a  base, 
resulting  in  the  replacement  of  the  hydrogen  of  the  acid  by 
the  metal  of  the  base,  and  the  formation  of  water. 
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Nitric  acid  has  the  formula  HNO,,,  The  hydrogen  may  be 
replaced  by  the  metal  sodium  by  treating  the  acid  with  the 
base,  sodium  hydroxide,  NaOH,  When  the  two  are  brought 
together,  the  base  exchanges  its  metal  for  the  hydrogen  of 
the  acid  and  we  have  instead  of  the  base,  HOH  or  //,0, 
which  is  water,  and  in  place  of  the  acid,  NaNO^y  which  is  a  salt 
called  sodium  nitrate.  In  general,  combinations  of  the  non- 
metallic  elements  with  oxygen  and  hydrogen  form  acids,  and 
combinations  of  the  metals  with  oxygen  and  hydrogen  form 
bases.  H^SO^,  FhPO^^  and  HNO^  are  acids,  and  NaOH, 
Ba{OH)ty  and  Zn{OH)^  are  bases.  Some  acids  do  not  con- 
tain oxygen;  such  are  hydrochloric  acid,  HCly  and  hydro- 
bromic  acid,  HBr,  Some  metals  form  both  an  acid  .and  a 
base;  thus,  with  the  metal  chromium,  Cr{OH)»  is  a  base  and 
H^CrO^  is  an  acid.  Lead  is  another  such  metal;  Pb{OH)^ 
being  a  base  and  H^PbO^^  a  weak  acid. 

33.  Chemical  Equations. — Chemical  reactions  are 
expressed  by  means  of  equations  in  which  the  first  member 
consists  of  all  the  substances  that  take  part  in  the  reaction 
and  the  second  member  consists  of  the  compounds  resulting 
from  the  reaction.  Thus,  the  action  of  the  base  sodium 
hydroxide  on  nitric  acid  may  be  written  HNO^  -f  NaOH 
=  NaNO^  -f  H^O.  The  action  of  sulphuric  acid  on  the 
metal  zinc  may  be  written:  H^SO^  +  Zn  =  ZnSO^.  +  H^. 
In  this  case  there  is  formed  one  molecule  of  the  salt,  zinc 
sulphate,  and  two  atoms,  or  more  properly,  one  molecule  of 
hydrogen  gas.     The  formation  of  water  is  represented  thus: 

34.  The  acids  and  bases  that  occur  most  frequently  in 
battery  work  are  given  in  Table  III. 

35.  Valence. — By  examining  a  number  of  compounds, 
such  as  HCly  H^O,  and  SnO^y  it  is  found  that  one  atom  of 
hydrogen  combines  with  one  atom  of  chlorine;  that  two 
atoms  of  hydrogen  combine  with  one  atom  of  oxygen;  and 
that  two  atoms  of  oxygen  combine  with  one  atom  of  tin. 
Thus  it  is  evident  that  the  atoms  of  diiferent  elements  have 
different  atom-aflSxing  powers;  that  is,  different  powers  for 


16        CHEMIStRY  ANl)  ELECTROCHEMISTRY       §6 


TABLE  III 
COMMON    ACIDS    AND    BASES 


Name 


Acids 

*  Hydrochloric 

Nitric 

Sulphuric 

Bases 
t  Potassium  hydroxide    .  . 
t  Sodium  hydroxide  .  .  .  . 

*  Ammonium  hydroxide  .  . 
t Calcium  hydroxide  (lime) 
t  Barium  hydroxide    .  .  .  . 


Chemical 
Formula 


HCl 
HNO. 

KOH 

NaOH 

NH^OH 

Ca{OH), 

Ba{OH). 


Specific  Gravity 


Pure 


1.227 

1.530 
1.838 


.88 


Commercial 
(Average) 


1. 14  to  1. 16 

1.33  to  1.41 
1.70  to  1.83 


.9  to  .96 


holding  other  atoms  in  combination.  This  power  is  called 
the  valence  or  valency  of  the  element.  Hydrogen  atoms 
stand  among  the  lowest  with  respect  to  the  power  of  afHxing 
other  atoms,  and  hydrogen  is  therefore  assigned  a  valence 
of  I,  or  we  say  that  hydrogen  is  mo7ioval€7it,  (The  prefixes 
mono-,  di-,  tri-,  tetra-,  penta-,  etc.,  mean  one,  two,  three,  four, 
five,  etc.,  respectively. )  Since  one  atom  of  chlorine  combines 
with  one  atom  of  hydrogen,  chlorine  is  al6o  monovalent. 
One  atom  of  oxygen  combines  with  two  atoms  of  hydrogen; 
therefore,  oxygen  is  divalent.  Tin  holds  two  atoms  of  the 
divalent  element  oxygen  in  combination;  tin  is,  therefore, 
tetravalent.  If  it  combined  with  hydrogen  it  would  combine 
with  four  atoms.  Tin,  however,  does  not  combine  with 
hydrogen,  but  it  does  combine  with  the  monovalent  element 
chlorine  to  form  the  compound  SnCl^, 

*  These  are  gases  (HCl  and  A- Hi)  that  dissolve  in  water  to  form 
the  respective  acid  and  basic  solutions. 

tThese  are  solids  that  are  very  soluble  in  water.  Specific  gravity 
of  solution  used  in  cells  will  depend  on  relative  proportions  of 
hydroxide  and  water. 
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Further,  the  atoms  of  some  elements  are  capable  of 
combining  with  diflEerent  numbers  of  atoms  of  another 
element;  thus,  lead  combines  with  oxygen  in  several  propor- 
tions, for  example,  PbO^  Pb^O^,  and  PbO^,  In  PbO  the  lead 
is  divalent;  in  Pb^O^y  it  is  trivalent;  and  in  PbO^y  it  is  tetra- 
valent.  The  two  most  common  valences  of  lead  are  two 
and  four;  many  elements  have  more  than  one  valence.  The 
principal  valences  of  each  element  are  given  in  the  fourth 
column  of  Table  I.  In  compounds  like  Pb^O^  the  valence  of 
the  metal  is  determined  as  follows:  Oxygen  is  divalent; 
and  since  there  are  three  oxygen  atoms  in  the  compound, 
there  are  six  valences.  There  being  two  lead  atoms  in  the 
molecule,  each  lead  atom  holds  three  of  the  oxygen 
valences.  Therefore,  lead  is  trivalent  in  the  compound 
Pb^O^.  Suppose  that  the  valence  of  the  manganese  com- 
pound MritO,  were  to  be  determined.  In  this  case  0=7 
atoms  having  2  X  7  =  14  valences;  Mn  =  2  atoms;  14  -5-  2  =  7. 
Each  atom  of  manganese  holds  seven  valences  of  oxygen  in 
this  compound  and  manganese  is,  therefore,  in  this  case  a 
heptavalent  atom  (^hepta  is  the  Greek  word  for  7). 

36.  Perhaps  a  better  idea  of  valence  may  be  had  by 
assuming  the  elements  to  have  hands,  links,  or  bonds,  one 
for  each  valence  —  thus,  the  monovalent  element  hydro- 
gen will  have  one  hand  (//—),  divalent  oxygen  will  have 
two  hands  (0=),  tetravalent  tin  will  have  four  hands 
(=5'«=),  etc.     When  hydrogen  and  oxygen  combine  they 

H 
take  hold  of  hands  thus,    Tf>0  or  H  —  O  —  H,  and  when 

oxygen  and    tin   combine    they   take   hold   of   hands    thus, 

5«~  ^  ox  O  =  Sn  =  O,     Tin  is  divalent  in  some  compounds, 

as  S7tO,  in  which  case  it  may  be  assumed  that  two  of  its 
hands  are  holding  oxygen  and  the  other  two  are  either  free 
or  holding  each  other,  thus,  =Sn=0,  It  must  not  be 
understood  that  elements  actually  have  hands  or  links  or 
anything  resembling  these,  but  only  that  this  assumption  is 
a  convenient  way  of  representing  the  idea  of  valence. 
Of  the  actual  method  by  which  elements  hold  each  other  in 
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combination,  little  is  known.  Sometimes  the  valence  of  an 
element  is  represented  by  placing:  accent  marks  at  the  right 
and  a  little  above  the  symbol  of  the  element,  thus  IP^  Cl\ 
(y\  Sn!\  Sn'^'\  Fff\  Fff^'y  etc.,  or  Roman  numerals  may  be 
used  for  this  purpose;  thus,  /^*,  Sti^ ^  etc. 

37.  Oxidation. — To  oxidize  a  metal  is  meant,  in  the 
narrow  sense  of  the  term,  to  cause  the  metal  to  combine 
with  oxygen;  but  in  the  broader  sense,  and  the  one  generally 
used  in  chemistry,  to  oxidize  a  metal  means  to  increase  its 
valence  by  causing  any  other  element  to  combine  with  it. 
Thus,  by  treating  tin  with  hydrochloric  acid,  tin  chloride, 
SnCKy  is  formed.  The  tin  has  been  changed  from  the  ele- 
mental state  to  a  combined  condition  in  which  it  is  divalent, 
since  it  has  combined  with  two  atoms  of  the  monovalent 
element  chlorine.  It  may  be  said  that  inactive  metallic  tin 
has  been  changed  to  an  active  element  with  a  valence  of  II. 
Under  favorable  conditions  and  by  suitable  treatment  this 
compound,  S?iCUy  can  be  changed  to  the  compound  SnCl^; 
that  is,  the  valence  of  the  tin  can  be  raised  to  such  a  degree 
that  it  will  combine  with  four  atoms  of  monovalent  chlorine. 
These  processes  are  known  as  oxidation  processes^  and  the 
chemical  compounds  used  to  produce  this  change  in  valence 
are  called  oxidizing  agents, 

38.  Reduction. — The  reverse  process  is  one  of  reduc- 
tion and  the  reagents  used  are  called  reducing  agents.  For 
example,  S?iCl^  may  be  reduced  to  SnCi,  by  treating  the 
5//C/«  with  metallic  tin.  By  treating  SnCi^  with  metallic 
zinc  (a  metal  having  a  stronger  affinity  for  chlorine  than  tin) 
the  compound  is  reduced  to  a  metaj  and  the  zinc  takes  its 
place  in  combination  with  chlorine.  These  reactions  may 
be  represented  by  equations: 

SnC/^  +  Sn  =  2SnO,  (1) 

SnCi,  +  Zn  =  ZnCl^  +  Sn       (2) 

A  process  of  oxidation  raises  the  valence,  while  one  of 
reduction  lowers  the  valence;  both  processes  take  place  sim- 
ultaneously when  an  oxidizing  agent  and  a  reducing  agent 
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are  brought  together.     The  former  is  reduced  and  the  latter 
is  oxidized. 

Oxidizing  agents  are  easily  reduced  themselves  and  so  are 
capable  of  oxidizing  other  substances.  They  are  used  as 
depolarizers  (a  term  that  will  be  explained  later)  in  batteries. 
The  more  important  of  the  strong  oxidizing  agents  used  for 
this  purpose  are:  potassium  bichromate,  A^Cr,6>t,  chlorine 
gas,  C/„  chromic  acid,  H^CrO^y  nitric  acid,  HNOn,  lead  per- 
oxide, PbOt,  and  manganese  dioxide,  MnO^,  The  metals  are 
the  important  reducing  agents  used  in  batteries. 

39.  Equivalent  Weights,— rAn  equivalent  weight  of  an 
element  (called  chemical  equivalent)  is  the  weight  of  the 
element  that  combines  with  1.008  parts,  by  weight,  of  hydro- 
gen or  36.45  parts,  by  weight,  of  chlorine,  or,  that  combines 
with  the  atomic  weight  of  any  monovalent  element.  In  other 
words,  the  equivalent  weight  of  an  element  is  the  atomic 
weight  of  that  element  reduced  to  the  basis  of  monovalence. 
Therefore,  if  an  element  is  divalent,  the  equivalent  weight 
of  that  element  is  one-half  of  the  atomic  weight;  if  an 
element  is  trivalent,  the  equivalent  weight  is  one-third  of  the 
atomic  weight,  etc.  For  example,  the  atomic  weight  of  zinc 
is  65.4;  since  this  metal  is  divalent,  the  equivalent  weight  is 
one-half  of  65.4  or  32.7.  The  atomic  weight  of  iron  is  55.9; 
when  the  metal  is  divalent,  the  equivalent  weight  is  27.95, 
and  when  the  metal  is  trivalent,  the  equivalent  weight  is  18.63. 
The  atomic  weights  of  all  the  monovalent  elements  are  also 
the  equivalent  weights. 

40.  Basicity  of  Acids. — It  was  stated  that  an  acid 
contains  hydrogen  and  usually  oxygen  and  that  the  hydrogen 
can  be  readily  exchanged  for  the  metal  of  a  base.  It  is 
plain,  therefore,  that  one  hydrogen  atom  will  be  exchanged 
for  one  atom  of  a  monovalent  metal,  or  two  hydrogen  atoms 
will  be  exchanged  for  one  atom  of  a  divalent  metal,  etc. 

Some  acids  have  only  one  replaceable  hydrogen  atom, 
as  nitric,  HNO:,,  and  hydrochloric,  HCl\  these  are  called 
monobasic  acidsy  since  each  molecule  can  hold  in  combination 
only  one  valence  of  a  base-forming  metal.     For  example,  if 
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the  hydrogen  atom  of  nitric  acid  is  replaced  by  the  metal 
sodium,  we  get  the  compound  NaNO^^  while  if  replaced  by  * 
the  divalent  metal  zinc,  we  get  the  compound  Z«(A^(9,),. 
A  trivalent  metal,  such  as  bismuth,  will  form  the  compound 
Bi{NO^)n>  Sulphuric  acid,  H^SO^,,  has  two  replaceable 
hydrogen  atoms  and  is,  therefore,  a  diabasic  acid.  With  the 
monovalent  metal  sodium  two  compounds  may  result, 
NaHSO^  or  Na^SO^,  according  to  whether  one  hydrogen 
atom  or  both  of  them  are  replaced  by  the  metal.  Com- 
pounds like  NaHSO^y  in  which  only  a  part  of  the  hydrogen 
of  an  acid  is  replaced  by  a  metal,  are  called  cicid  salts.  If 
all  the  replaceable  hydrogen  of  an  acid  is  exchanged  for 
metal,  a  neutral  salt  results.  One  atom  of  a  divalent  metal 
can  replace  both  hydrogen  atoms  of  a  dibasic  acid;  thus,  zinc 
forms  with  sulphuric  acid,  zinc  sulphate,  ZjiSO^,  Trivalent 
iron  will  form  with  sulphuric  acid,  the  compound  Fe^{SO^^, 
In  writing  the  formulas  of  salts  it  must  be  remembered  that 
the  valences  of  the  metal  atoms  entering  the  acid  must  be 
equal  to  the  number  of  hydrogen  atoms  replaced. 

Example. — Phosphoric  acid,  H^PO^^  is  tribasic.  What  is  the  for- 
mula for  the  neutral  salt  zinc  phosphate? 

Solution. — H^PO^.  is  tribasic,  having  three  replaceable  hydrogen 
atoms,  and  Zn  is  divalent,  having  two  valences.  The  two  figures  are 
not  equal,  so  such  a  multiple  (the  least  common  multiple)  of  each- must 
be  taken  that  the  valences  of  the  metal  shall  exactly  equal  the  number 
of  replaced  hydrogen  atoms.  Two  molecules  of  H^PO^  have  six 
replaceable  hydrogen  atoms;  three  atoms  of  zinc  have  six  valences. 
Therefore,  the  formula  for  zinc  phosphate  is  Zn^{PO^^, 


NOMENCLATURB    OF    CHEMICAL.    COMPOUNDS 

41.  Compounds  are  termed  binary »  ternary,  quater- 
nary, etc.,  according  to  whether  they  contain,  respectively, 
two,  three,  four,  etc.  elements.  Binary  compounds  of  metal- 
lic elements  combined  with  non-metallic  elements  are  named 
by  changing  the  last  syllable  of  the  name  of  the  non-metallic 
element  to  ide\  thus,  compounds  of  oxygen,  sulphur,  chlorine, 
etc.,  with  metals  are,  respectively,  called  oxides,  sulphides, 
chlorides,  etc.  Examples  are:  zinc  oxide,  ZnO^  sodium  chlo- 
ride, NaCl,  potassium  sulphide,  A'.^*    In  the  case  of  binary 
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compounds  of  one  non-metallic  element  combined  with 
another,  the  name  of  the  more  non-metallic  element  ends 
in  ide\  thus,  sulphm:  dioxide,  5(9„  and  phosphorus  penta- 
chloride,  PClt, 

The  prefixes  mono-,  di-,  tri-,  tetra-,  penta-,  hexa-,  hepta-, 
etc.  are  frequently  used  to  show  the  number  of  atoms  of  a 
non-metallic  element  present  in  the  molecule  of  binary 
compounds,  thus  distinguishing  between  compounds  having 
the  same  elements  but  combined  in  different  proportions. 
For  example,  sulphiu:  dioxide,  5(9„  sulphur  trioxide,  5*(9„ 
phosphorus  trichloride,  PCU,  and  phosphorus  pentachloride, 
PCU.  Other  prefixes  used  for  the  same  purpose  are:  sub-, 
proto-,  sesqui-,  and  per-;  for  example,  lead  suboxide,  Pb^O, 
lead  protoxide,  PbOy  lead  sesquioxide,  Pb^O^,  and  lead  per- 
oxide, PbOr. 

4c^.  Acids. — ^Acids  of  chlorine  that  contain  oxygen  are 
named  by  using  suffixes,  or  suffixes  and  prefixes,  with 
**chlor."  Similarly,  acids  of  sulphur  that  contain  oxygen  are 
named  by  using  suffixes,  or  suffixes  and  prefixes  with  **sulph.*' 
The  most  common  of  the  chlorine  acids,  HCIO^^  is  called 
chloric  acid;  the  acid  containing  one  less  atom  of  oxygen 
than  chloric  acid,  is  called  chlorous  acidy  HC10^\  the  acid 
containing  a  smaller  portion  of  oxygen  than  chlorous  acid, 
is  called  hypochlorous  acid^  HCIO.  (Hypo  comes  from  the 
Greek  and  means  under  or  less  than.)  The  acid  containing 
more  oxygen  than  chloric  acid  is  called  perchloric  acid^ 
HCIO^,  The  common  sulphur  acid  containing  oxygen  is 
called  sulphuric  acid,  H^SO^^  and  the  other  acids  of  the  series 
are  named  like  the  corresponding  chlorine  acids.  The  acid 
of  chlorine  that  contains  no  oxygen  is  called  hydrochloric 
acidy  HCl;  the  sulphur  acid  that  contains  no  oxygen  may  be 
called  hydrosulphuric  acid,  /^,5,  but  is  usually  called  hydrogen 
sulphidcy  and  was  formerly  called  sulphureted  hydrogen. 

43.  Bases. — Bases  are  commonly  called  hydroxides;  for 
example,  sodium  hydroxide,  NaOHy  and  calcium  hydroxide, 
Ca(OH)t»  The  strongest  bases  are  called  alkalies;  the  com- 
mon alkalies  are  sodium  hydroxide,  potassium  hydroxide,  and 
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ammonium  hydroxide.  Metal  oxides,  such  as  sodium,  potas- 
sium, and  calcium  oxides,  readily  combine  with  water  to 
form  hydroxides  of  the  metals  according  to  the  equations, 
Na.O  +  H,0  =  2  NaOH\  CaO  +  H,0  =  Ca{OH),,  From 
the  fact  that  hydroxides  may  be  obtained  by  the  action  of 
metals  or  metal  oxides  on  water,  they  are  called  hydrates  by 
some  chemists. 

44.  Salts. — ^A  salt  derived  from  chloric  acid  by  the 
replacement  of  the  hydrogen  atom  by  one  of  a  metal,  is 
called  a  chlorate;  thus,  if  the  substituting  metal  is  potassium, 
the  resulting  salt  is  potassium  chlorate.  Salts  derived  from 
chlorous  acid  are  called  chlorites;  those  derived  from  hypo- 
chlorous  acids  are  called  hypochlorites;  those  derived  from 
perchloric  acid  are  called  perchlorates.  If  the  name  of  the 
acid  ends  in  iCy  that  of  the  derived  salt  ends  in  ate\  if  in  ous, 
that  of  the  derived  salt  ends  in  ite.  It  might  be  expected 
that  salts  of  hydrochloric  acid  would  be  called  hydrochlorates, 
but  since  binary  compoimds  of  the  metals  with  chlorine  are 
called  chlorides,  the  name  hydrochlorate  is  unnecessary. 

45.  Since  some  of  the  metals  have  two  common 
valences,  there  can  be  two  neutral  salts  from  the  same 
metal  and  acid.  In  such  cases  the  name  of  the  metal  (in 
some  cases  the  Latin  name  is  used  and  in  others,  the 
common  name)  has  its  last  syllable  changed  to  ous  or  ic 
to  indicate  which  of  the  two  salts  is  meant.  When  the 
metal  has  the  lower  valence,  the  name  of  the  metal  ends 
in  ous\  when  the  metal  has  the  higher  valence,  the  name 
of  the  metal  ends  in  ic.  Thus,  FeSO^  and  Fe^SO^^  are 
both  iron  sulphates,  but  to  distinguish  one  from  the  other, 
the  first  is  called  ferrous  sulphate,  •and  the  other  ferric 
sulphate.  The  salt  SnCK  is  called  stannous  chloride  and 
SnCh  is  called  stannic  chloride.  HgNO^  is  mercurous 
nitrate  and  Hg{NO^)^  is  mercuric  nitrate. 

« 

Sometimes  bases  and  oxides  are  named  in  the  same  way; 
thus,  Fe(OH)^  is  called  ferrous  hydroxide  and  Fe^(OH)^  is 
called  ferric  hydroxide;  Hg^O  is  called  mercurous  oxide  and 
HgO  is  called  mercuric  oxide. 
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46,  Many  chemical  compounds  of  commercial  impor- 
tance have  commercial  names  that  are  different  from  the 
chemical  names.  Table  IV  gives  the  chemical  name,  the 
commercial  name,  and  the  formula  for  a  number  of  com- 
pounds that  are  used  in  battery  work. 

TABLE    IV 
COMPOUNDS    USED    FREQUENTLY    IN    BATTERY    VTORK 


Chemical  Name 

Commercial  Name 

Formula 

Ammonium  chloride 

Sal  ammoniac 

NHXl 

Calcium  hypochlorite 

Chloride  of  lime 

Ca{ClO). 

Copper  sulphate 

Blue  vitriol,  or  bluestone 

CuSO, 

Ferrous  sulphate 

Green  vitriol,  or  copperas 

FeSO. 

Plumbo-plumbic  oxide 

Minium  or  red  lead 

Pb.O. 

Lead  oxide 

Litharge 

PbO 

Manganese  dioxide 

Black  oxide  of  manganese 

MnO^ 

Nitric  acid 

Aqua  fortis 

HNO, 

Potassium  hydroxide 

Caustic  potash 

KOH 

Sodium  chloride 

Common  salt 

NaCl 

Sodium  hydroxide 

Caustic  soda 

NaOH 

Sulphuric  acid 

Oil  of  vitriol 

H,SO. 

Zinc  sulphate 

White  vitriol 

ZnSO, 

Copper  oxide 

Black  oxide  of  copper 

CuO 

RADICALS 

47.  A  radical  may  be  considered  as  a  chemical  combi- 
nation of  two  or  more  elements  that,  owing  to  its  imsatisfied 
bonds,  or  links,  is  not  able  to  exist  in  the  free  state,  but  is 
capable  of  acting  similar  to  an  element.  For  instance,  in 
the  compound  H^SO^  (sulphuric  acid)  we  find  the  group  or 
the  radical  SO^^  and  again  in  the  salts  of  sulphuric  acid,  that 
is,  in  the  sulphates,  as  for  instance  in  FeSO^,  Na^SO^,  LnSO^y 
etc.,  this  same  group  appears.  Such  a  group  having  its 
origin  in  the  acids  is  known  as  an  acid  radical.  The  group 
OH,  which  occurs  in  hydroxides,  as  for  instance  in  NaOHy 
Ba{OH)t,  etc.,  is  known  as  a  basic  radical;  or,  as  it  is  more 
frequently  called,  the  hydroxide  or  hydroxy  I  radical. 


45—21 


24        CHEMISTRY  AND  ELECTROCHEMISTRY       §6 

Where  a  radical  occurs  two  or  more  times  in  a  single 
compound  it  is  usual  to  enclose  it  in  parentheses  and  to 
indicate  the  number  outside  the  parentheses,  as  for  instance 
Fe^OM%  (ferric  hydroxide)  is  usually  written  Fe^{OH).\ 
FetSnOit  is  generally  written  /^^(^O*),. 

48.  Ammonia  and  the  Ammonium  Radical. — ^Am- 
monia, a  compound  formed  by  the  combination  of  nitrogen 
and  hydrogen  and  having  the  formula  AW„  is  a  gas  that 
readily  dissolves  in  water.  When  in  solution,  ammonia  is 
supposed  to  be  combined  with  a  part  of  the  water  to  form 
the  base,  ammonium  hydroxide,  NH^OH^  according  to  the 
equation,  NH,  +  H^O  =  NH^OH.  The  compound  NH.OH 
has  all  the  properties  of  a  base,  the  radical  AW*  taking 
the  place  of  a  metal  and,  like  a  metal,  replaceable  by  a 
hydrogen  atom  of  an  acid.  The  radical  NH^  is  called 
aininoniiim  from  its  similarity  to  metals  in  respect  to 
chemical  properties.  With  mercury,  it  forms  an  alloy  with 
a  metallic  appearance;  with  acids,  salts.  Thus,  NH^OH  + 
HCl  =  NH^Cl  +  H^O.  NH^Cl  is  ammonium  chloride,  com- 
monly called  sal  ammoniac^  and  is  a  compound  extensively 
used  in  certain  batteries. 

49.  The  valence  of  this  radical  is  I,  as  may  be  seen  from 
the  following:  Nitrogen  has  a  valence  of  V,  and  since  there 
are  four  atoms  of  monovalent  hydrogen  combined  with  the 

H 
nitrogen  in  AT/*,  zi^^—y  there  is  left  one  free  valence  with 

which  any  other  element  may  combine.  Therefore,  the 
radical  considered  as  a  whole,  has  a  valence  of  I.  When 
ammonium  is  in  combination  with  a  monobasic-acid  radical, 
as  NO^y  the  formula  of  the  compound  is  NH^NO^\  when  in 
combination  with  a  dibasic-acid  radical,  as  SO^^  the  formula 
of  the  compound  is  {NH^)^SO^. 

50.  Anhydrides. — Sulphur  trioxide,  50„  unites  with 
water  according  to  the  equation,  SO:,  +  H^O  =  H^SO^\  sul- 
phuric acid  is  the  resulting  compound.     Sulphur  trioxide  ij? 
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called  the  anhyanae  of  sulphuric  acid,  because  it  is  the  acid 
with  the  elements  of  water  taken  out.  Similarly,  N,0,  is  the 
anhydride  of  nitric  acid,  N,0^  +  H.O  =  2HN0,.'  The  oxides 
of  the  non-metallic  elements  are  generally  anhydrides  of 
acids;  and  the  oxides  of  metallic  elements,  anhydrides  of 
bases.     There  are,  however,  many  exceptions  to  this  rule. 


-    BliECTROCHEMISTRT 


bijEctbolttic  action  and  theory 

51.     Electrochemical  Decomposition. — A  current  of 
electricity  passing  through   a  conducting  liquid  of  a  com- 
pound  nature,  decomposes   that   liquid;    for  example,  zinc 
chloride    is   decomposed,  by 
an  electric  current,  into  chlo- 
rine gas  and  the  metal  zinc.     * 
Such    decomposable    bodies 
are  called  electpolytes.    An 
arrangement  for  electrolytic 
decomposition  consists  of  a 
vessel,  or  jar,  that  contains 
the  conducting  liquid,  ot  elec- 
trolyte,  and   two   conducting 
plates   (usually  of  metal   or 

carbon)  that  connect  the  source  of  the  electric  current  with 
the  electrolyte,  thereby  forming  a  closed  circuit  of  which  a 
section  of  the  liquid  is  a  part.  The  vessel,  electrolyte, 
and  plates  constitute  an  electrolytic  cell.  Fig.  1  shows 
such  an  arrangement.  The  conducting  plates  are  called 
electrodes;  that  electrode  at  which  the  current  enters  the 
electrolyte  being  called  the  anode,  and  the  one  at  which 
the  current  leaves  the  electrolyte  being  called  the  cathode, 
it  follows  that  the  electrode  that  is  connected  with  the  posi- 
tive pole  of  the  dynamo,  or  other  source  of  electric  current, 
is  the  anode  and  that  connected  with  the  negative  pole  is 
the  cathod^. 
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52.  All  electrolytes  are  decomposable  into  two  parts — 
one  appearing:  at  the  anode  and  the  other  at  the  cathode. 
These  products  of  electrolytic  decomposition  are  called  ions. 
Those  ions  that  appear  at  the  anode  are  called  anions  and 
those  that  appear  at  the  cathode  are  called  cations.  Thus, 
when  a  solution  of  zinc  chloride  is  the  electrolyte,  zinc  will 
appear  at  the  cathode  and  is  therefore  a  cation;  chlorine  will 
appear  at  the  anode  and  is  an  anion. 

53.  Kinds  of  Electrolytes. — The  most  common  elec- 
trolytes are  solutions  of  compounds  in  water,  but  most 
compounds  that  conduct  electricity  may  be  considered 
electrolytes,  or  conductors  of  the  second  class  as  they 
are  frequently  called  to  distinguish  them  from  elementary 
conducting  substances,  which,  of  course,  cannot  be  decom- 
posed and  which  are  often  called  conductors  of  the  first 
class.  Conductors  of  the  first  class  are  the  metals  and  a 
few  of  the  non-metals.  A  conductor  of  the  second  class 
may  be  a  solution,  a  fused  compound,  or  in  some  cases 
even  a  solid;  many  of  the  acids,  bases,  and  salts  form  elec- 
trolytes when  dissolved  in  water.  Sulphuric  acid,  when 
pure,  is  a  heavy  liquid  and  a  non-conductor  of  electricity; 
its  water  solution,  however,  is  a  good  conductor  and  is  an 
electrolyte.  Zinc  chloride,  sodium  chloride,  and  caustic 
soda  are  examples  of  compounds  that  become  electrolytes 
when  fused.  Such  compounds  as  silver  sulphide  and  cop 
per  sulphide  are  solid  electrolytes. 

54.  Conductors  of  the  first  class  have  an  increased 
electrical  resistance  with  increase  of  temperature  and  are 
not  decomposed  by  an  electric  current;  those  of  the  second 
class  have  a  decreased  resistance  with  increase  of  temper- 
ature and  can  be  decomposed  by  an  electric  current.  These 
are  the  distinguishing  characteristics  of  the  two  classes  of 
electric  conductors. 

55.  Primary  and  Secondary  Actions. — ^When  a  solu- 
tion of  zinc  chloride  is  decomposed  between  electrodes  that 
are  not  attacked  by  the  products  of  the  decomposition,  the 
products   are   metallic   zinc   and  chlorine;    these  are  called 
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primary  products  because  they  result  directly  from  electro- 
lytic decomposition.  If  a  solution  of  sodium  chloride, 
NaCly  is  the  electrolyte,  the  electric  current  will  decom- 
pose the  compound  into  metallic  sodium  and  free  chlorine. 
These  are  both  primary  products.  Metallic  sodium,  how- 
ever, has  such  a  strong  affinity  for  oxygen  that  it  cannot 
remain  uncombined  in  the  presence  of  water,  so  as  fast  as  it 
is  liberated  it  is  attacked  by  the  water,  forming  hydrogen 
gas  and  sodium  hydroxide,  Na  +  H,0  =  NaOH  +  H.  The 
hydrogen  gas  escapes  and  the  sodium  hydroxide  (caustic 
soda)  remains  in  solution  in  the  electrolyte.  Hydrogen 
and  sodium  hydroxide  are  here  indirect^  or  secondary^ 
products.  When  an  acid  is  electrolyzed  (decomposed  by  an 
electric  current),  hydrogen  is  one  of  the  ions  and  is  in 
this  case  a  primary  product.  Whenever  the  original 
products  of  electrolysis  attack  the  electrodes,  or  combine 
with  the  electrolyte  at  the  moment  they  are  set  free, 
secondary  products  result. 

56.  Tlieory  of  Electrolytic  Dissociation. — When 
compounds  dissolve  in  water  with  the  formation  of  con- 
ducting solutions,  it  is  believed  that  the  molecules  of  such 
compounds  are  broken  up  into  atoms  or  groups  of  atoms 
(radicals) ,  each  of  which  carries  a  static  charge.  Thus,  when 
sodium  chloride  is  dissolved  in  water  it  is  supposed  to  be 
separated  into  charged  atoms  of  chlorine  and  sodium.  Ordi- 
nary sodium  would  decompose  the  water  with  the  consequent 
evolution  of  hydrogen,  and  ordinary  chlorine  would  color  the 
water  yellow.  Since  these  phenomena  do  not  attend  the 
solution  of  common  salt  in  water,  it  is  assumed  that  the  atoms 
have  static  charges  of  electricity  that  change  their  properties 
in  some  unknown  manner,  and  a  compound  that  has  thus 
been  resolved  into  ions  is  said  to  be  dissociated;  sulphuric 
acid  may  be  dissociated  into  the  ions  H^  Hy  and  SO^,  The 
radical  5(9«  ordinarily  does  not  exist  alone,  but  under  the 
influence  of  the  static  charge  it  is  enabled  thus  to  exist  and 
becomes  an  ion.  When  an  electric  current  is  flowing  through 
an  electrolyte,  the  ions  are  attracted  to  the  electrodes  and 
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there  g^ive  up  their  charg^es  and  appear  as  elements,  or 
compounds  as  we  commonly  know  them.  When  the  ion  SO^ 
gives  up  its  charg^e,  it  can  no  long^er  exist  in  an  uncombined 
state;  it  either  combines  with  some  substance  at  the  electrode 
or  else  breaks  up  into  SO,  and  free  oxygen,  the  SO»  com- 
bining with  the  water  of  the  electrolyte  to  form  sulphuric 
acid  and  the  oxygen  escaping  as  a  gas. 

57.  When  a  compound  is  dissociated  there  are  always 
two  kinds  of  ions  (anions  and  cations)  formed;  the  anions 
are  attracted  to  the  anode  and  the  cations  to  the  cathode. 
In  general,  the  non-metallic  elements  and  the  radicals  con- 
taining oxygen,  are  anions;  while  hydrogen,  the  ammonitmi 
radical,  and  the  metals  are  cations.  It  is  sometimes  possible 
for  the  same  element  to  act  as  an  anion  under  one  set  of 
conditions  and  as  a  cation  under  another.  Whether  an 
element  acts  as  an  anion  or  a  cation  depends  on  whether  the 
element  is  in  combination  with  an  element  that  is  electro- 
positive to  it,  or  one  that  is  electronegative  to  it.  From  a 
strong  solution  of  phosphoric  acid  and  with  a  strong  current, 
phosphorus  may  be  deposited  on  the  cathode,  under  which 
conditions  it  is  a  cation;  in  the  compound  /W,  (phosphoreted 
hydrogen),  the  phosphorus  is  electronegative  to  the  hydrogen 
and  therefore  plays  the  part  of  an  anion. 

58.  All  the  molecules  of  a  compound  are  not  dissociated 
into  ions  except  in  very  dilute  solutions  in  which  the  solvent 
has  a  strong  ionizing  power;  that  is,  a  power  of  resolving 
molecules  into  ions.  Also,  liquids  vary  as  to  ionizing  power, 
water  being  one  of  the  strongest.  Many  of  the  organic 
liquids  (compounds  of  carbon)  do  not  ionize  molecules  at 
all;  and  some  compounds  are  not  ionized  in  any  solution. 
All  conducting  solutions  contain  ions;  non-conducting  solu- 
tions do  not. 

The  electrolytic-dissociation  theory  accounts  for  many 
observed  facts  and  is  accepted  by,  perhaps,  the  majority  of 
scientists  in  the  fields  of  chemistry  and  physics;  however, 
some  experiments  have  recently  been  shown  that  seem  to 
antagonize  it.     But  whether  or  not  this  theory  is  accepted. 
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the  elements  and  radicals  appearing  at  U^e  electrodes  may 
be  called  ions. 

59*  Amount  of  Substance  lilberated  by  Electro- 
chemical Action. — When  an  electrolyte  is  decomposed  by 
an  electric  current,  the  amounts  of  the  various  substances 
liberated  are  proportional  to  the  quantity  of  electricity  passing 
through  the  electrolyte.  The  amount  (weight)  of  any  element 
that  will  be  liberated  by  a  given  quantity  of  electricity  is  pro- 
portional to  the  chemical  equivalent  of  that  element.  That 
is  to  say,  a  quantity  of  electricity  that  will  liberate  1.008 
grams  of  hydrogen  will  also  liberate  8  grams  of  oxygen, 
35.45  grams  of  chlorine,  .107.93  grams  of  silver,  etc. 

60.  Electrocliemical  Equivalent. — The  amount,  in 
grams,  of  any  element  that  will  be  liberated  by  1  coulomb 
(1  ampere  for  1  second)  of  electricity  is  the  electrocbem- 
Ical  equivalent  of  that  element.  This  quantity  has  been 
carefully  determined  by  experiment  for  the  element  silver 
and  is  found  to  be  .001118  gram.  The  method  of  obtaining 
this  value  is  as  follows:  An  electrolytic  decomposition  cell 
similar  to  that  shown  in  Fig.  1  is  used.  Both  electrodes  are 
of  silver  and  the  electrolyte  is  a  solution  of  a  salt  of  silver, 
as  silver  nitrate,  AgNO^.  The  cathode  is  carefully  cleaned 
and  weighed  before  placing  in  the  cell  and  after  passing  a 
current  of  known  strength  for  a  known  time  through  the 
cell,  the  cathode  is  removed,  carefully  dried,  and  weighed. 
The  increase  in  weight,  in  grams,  divided  by  the  number  of 
coulombs  passed  through  the  cell,  gives  the  weight,  in 
grams,  separated  by  1  coulomb,  which  is  the  electrochemical 
equivalent  of  silver.  The  electrochemical  equivalent  being 
known,  it  is  obvious  that  such  an  arrangement  can  be  used 
to  measure  an  electric  current,  and  when  used  for  this  pur- 
pose the  apparatus  is  known  as  a  voltameter. 

61.  Calculation  of  Electrocliemical   Equivalents. 

Knowing  that  the  quantity  of  an  element  liberated  by  elec- 
trochemical action  is  proportional  to  the  chemical  equivalent 
of  that  element,  the  electrochemical  equivalent  of  any  other 
element  can    be    calculated.     For    example,    the   chemical 
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equivalent  of  hydrogen  is  1.008.  The  chemical  equivalent 
of  silver  is  107.93  and  is  therefore  107.07  times  that  of 
hydrogen.     The  amount  of  hydrogen  liberated  per  coulomb 

will  be  ^  X  .001118  or  .000010442,  which  is  the  electro- 
chemical equivalent  of  hydrogen.  The  methods  of  calcula- 
tion may  be  expressed  by  a  formula;  thus: 

Let  c  =  chemical  equivalent  of  any  element  whose  electro- 
chemical equivalent  is  known; 
C  =  chemical  equivalent  of  the  element  whose  electro- 
chemical equivalent  is  to  be  calculated; 
z  =  electrochemical  equivalent  of  the  element  whose 

chemical  equivalent  is  c\ 
Z  =  electrochemical  equivalent  to  be  calculated. 

Then,  Z=-X-^  (1) 

c 

Applying  this  formula  in  the  calculation  of  the  electro- 
chemical equivalent  of  oxygen  and  using  silver  as  a  basis 

for  the  calculation,  Z= —^-— X  .001118  =  .000082869,  the 

electrochemical  equivalent  of  oxygen. 

Using   hydrogen   for   the   basis  for  the   calculation,    the 

expression    becomes    Z  =  — ^~  X  .00001044  =  .000082857, 

1.008 

the   electrochemical   equivalent   of   oxygen,   which   agrees, 

sufficiently  for  all  practical  purposes,  with  that   calculated 

from  the  values  given  for  silver. 

In  Table  V  will  be  found  the  electrochemical   equivalents 

of  some  of  the  common  elements  based  on  .001118  as  the 

electrochemical  equivalent  of  silver. 

62.  Coulombs  per  Gram  Equivalent  of  a  Sub- 
stance.— If  1  coulomb  of  electricity  will  liberate  .001118 
gram  of  silver,   to  liberate  1   gram    equivalent,    or    107.93 

107  93 
grams    of    silver  will    require    7^/77-0  =  96,538   coulombs 

.001118 

of   electricity.     Similarly,    to    liberate    1    gram    equivalent, 

g 
or   8    grams    of    oxygen   will    require    QQQQg2g69  ^  ^6,538 
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coulombs.  It  will  require  96,538  coulombs  to  liberate  a  gram 
equivalent  of  any  element  or  group  of  elements.  This 
conforms  to  the  law  that  the  amount  (weight)  of  any 
element  that  will  be  liberated  by  a  given  quantity  of  elec- 
tricity is  proportional  to  the  chemical  equivalent  of  that 
element. 

63*  Calculation  of  Amount  of  liiberated  Sub- 
stance.— Knowing  the  electrochemical  equivalents  of  the 
elements,  the  amount  of  any  element  that  will  be  liberated 
by  an  electric  current  of  a  given  strength  and  in  a  given 
time,  can  be  calculated. 

Example. — ^A  current  of  3  amperes  is  passed  through  a  solution  of 
silver  nitrate  for  1  hour  and  20  minutes.  How  many  grams  of  silver 
will  be  liberated? 

Solution. — The  electrochemical  equivalent  of  silver  =  .001118. 
1  hr.  and  20  min.  =  80  min.  =  4,800  sec.  4,800  X  3  =  14,400  ampere- 
seconds,  or  coulombs.  If  1  coulomb  will  liberate  .001118  gram  of 
silver,  then  14,400  coulombs  will  liberate  14,400  X  .001118  =  16.099 
grams  of  silver.    Ans. 

Groups  of  elements  or  radicals  are  dealt  with  the  same  as 
single  elements.  Using  the  figures  in  the  above  example, 
calculate  the  number  of  grams  of  nitric  acid  that  will  be 
liberated  at  the  anode. 

Since  nitric  acid  is  monobasic,  the  valence  of  its  radical 
NOi  is  I.  Therefore,  its  chemical  equivalent  is  the  sum  of 
the  atomic  weights,  14  +  3  X  16  =  62.  Applying  this  num- 
ber in  the  formula  -  X  ^  =  Z,  -^-  X  .001118  =  .000642, 

c  107. yd 

the  electrochemical  equivalent  of  the  radical  NO^.  The 
number  of  coulombs  from  the  preceding  example  is  14,400. 
Then,  14,400  X  .000642  =  9.246  =  number  of  grams  of 
N0»  liberated. 

The  NO^  then  breaks  up,  as  shown  by  the  equation, 
2N0^  =  iV.O,  +  O,  and  the  N^O^  combines  with  water; 
thus,  iV.a  +  H,0  =  2HN0,. 

For  each  chemical  equivalent  of  NO^  (62)  one  chemical 
equivalent  of  nitric  acid,  HNO^,  is  formed.  Since  9.245  repre- 
sents the  amount  of  NO^  in  grams  and  since  the  chemical 
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equivalents  of  NOt  and  HNO^  are  62  and  63,  respectively, 
then  \\  X  9.245  =  9.394  =  the  number  of  grams  of  nitric 
acid  liberated.  The  same  result  can  be  obtained  more 
directly  by  finding  the  electrochemical  equivalent  of  HNO^ 
(instead  of  NO^  and  multiplying  this  by  14,400.  The 
longer  method  shows  the  steps  by  which  the  acid  is  formed. 


exampLlEs  for  practice 

1.  How  many  grams  of  zinc  will  be  deposited  from  a  solution  of 
zinc  sulphate  by  a  current  of  5  amperes  flowing  for  4  hours? 

Ans.  24.39  grams 

2.  A  certain  current,  flowing  through  a  solution  of  silver  nitrate, 
deposits  12  grams  of  silver  in  2  hours.  What  was  the  average  value  of 
the  current?  Ans.  1.49  amperes 

3.  If  20  grams  of  zinc  is  to  be  deposited  per  hour  in  an  electrolytic 
cell,  what  strength  of  current  must  be  passed  through  the  cell? 

Ans.  16.4  amperes 

64.  Polarization  E.  M.  F. — When  an  electrolyte  is 
decomposed  by  an  electric  current,  the  liberated  elements 
have  a  tendency  to  recombine.  Thus,  when  an  electric 
current  has  been  sent  through  a  solution  of  zinc  chloride 
and  the  salt  has  thereby  been  decomposed  into  zinc  and 
chlorine,  as  soon  as  the  electrolyzing  current  has  been 
stopped,  the  zinc  will  commence  to  combine  with  the 
chlorine  in  contact  with  the  other  electrode,  and  if  a  galva- 
nometer is  connected  in  the  circuit,  a  momentary  current 
flowing  in  the  opposite  direction  to  the  one  that  produced 
the  decomposition,  will  be  indicated.  This  tendency  of  the 
liberated  elements  to  recombine  acts  as  an  opposing  E.  M.  F., 
and  is  known  as  the  electromotive  force  of  polarization. 
With  every  electrolyte  there  is  a  minimum  E.  M.  F.  below 
which  continuous  decomposition  cannot  be  effected.  The 
combination  of  oxygen  and  hydrogen  corresponds  to  an 
E.  M.  F.  of  1.47  volts,  so  to  decompose  water  continuously, 
an  E.  M.  F.  exceeding  1.47  volts  will  be  required. 

65.  Polarization  may  be  permanent^  trajisitory^  or  there 
may  be  no  polarization  at  all,  according  to  the  nature  of  the 
electrodes  and  the  electrolyte.     In  the  electrolysis  of  dilute 
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TABIiE  V 
ELBCTROCHEMICAL.   EQUIVALENTS 


Name  of  Element 

Valence 

Usual  Condition 
of  Ion 

Electrochemical 
Equivalent 

Grams  per 
Coulomb 

Bromine 

Chlorine 

Copper (ous) .  .  .  . 

Copper  (ic) 

Gold 

I 

I 

I 

II 

III 

I 

I 

II 
III 
II 

I 

II 
11 
II 

I 

I 

I 

II 
IV 
II 

Anion 
Anion 
Cation 
Cation 
Cation 
Cation 
Anion 
Cation 
Cation 
Cation 
Cation 
Cation 
Cation 
Anion 
Cation 
Cation 
Cation 
Cation 
•  Cation 
Cation 

.00082831 

.00036723 

.00065883 

.00032942 

.00068090 

.00001044 

.00131404 

.00028953 

.00019299 

.00107164 

.00207180 

.00103590 

.00030404 

.00008287 

.00040555 

.001118 

.00023877 

.00061636 

.00030818 

.00033874 

Hydrogen 

Iodine.* 

Iron  (ous) 

Iron  (ic). 

Lead 

Mercury  (ous)  .  .  . 
Mercury  (ic)  .  .  .  . 

Nickel 

Oxygen 

Potassium 

Silver 

Sodium 

Tin  (ous)  ....... 

Tin(ic).  ...'... 

Zinc 

sulphuric  acid  between  electrodes  that  are  not  attacked  by 
the  products  of  the  decomposition,  the  polarization  is  transi- 
tory; that  is,  it  persists  for  a  very  brief  time  only.  Oxygen 
and  hydrogen  are  the  products  of  the  electrolysis  and  both 
being  gases  and  insoluble  in  the  electrolyte,  they  escape 
from  the  electrodes  to  the  air  almost  as  soon  as  they  are 
liberated.  When  the  electrolyzing  current  is  stopped,  a 
little  of  each  gas  remains  clinging  to,  or  in  the  electrolyte 
near,  the  electrode  on  which  it  was  liberated  and  may  cause 
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a  momentary  current,  but  since  a  large  proportion  of  the 
gases  has  escaped,  what  remains  is  quickly  used  up  and 
the  secondary  current  stops. 

66.  Permanent  polarization  is  made  use  of  in  the  so- 
called  storage  cells  where  the  products  of  the  decomposition 
of  the  electrolyte  combine  with  the  electrodes  or  are 
deposited  on  and  become  a  part  of  the  electrodes;  more- 
over, they  are  conductors  of  electricity.  When  the  elec- 
trolyzing,  or  charging,  current  is  stopped,  a  current  due 
to  the  E.  M.  F.  of  polarization  may  be  obtained  until, 
theoretically,  all  the  products  of  the  electrolysis  have 
returned  to  their  original  condition  and  an  equivalent 
amount  of  electrical  energy  has  been  given  up. 

67*  In  the  case  of  the  electrolysis  of  a  solution  of  a  salt 
between  electrodes  of  the  same  metal  as  is  contained  in  the 
salt,  polarization  does  not  occur.  For  example,  take  the 
electrolysis  of  a  copper-sulphate  solution  between  electrodes 
of  copper.  The  electrolyte  is  split  up  into  copper  and  the 
radical  SO^.  The  copper  is  deposited  on  the  cathode  and 
the  radical  attacks  the  copper  of  the  anode  forming  copper 
sulphate.  The  result  is  that  copper  is  simply  transferred 
from  the  anode  to  the  cathode.  Both  electrodes  being 
always  the  same  as  to  composition,  it  is  obvious  that 
one  electrode  will  have  the  same  affinity  for  the  elements 
of  the  electrolyte  as  the  other  electrode,  *  and  therefore 
no  polarization  cufrent  will  result.  Different  elements  have 
different  affinities  for  the  same  element  and  also  different 
affinities  for  each  other.  Elements  like  oxygen,  chlorine, 
etc.  are  said  to  be  electropositive  and  in  general  the 
metallic  elements  are  said  to  be  electronegative.  It  is 
obvious  that  the  elements  can  be  arranged  in  a  series, 
as  shown  in  Table  VI,  such  that  each  element  is  electro- 
positive to  those  that  follow  in  the  list,  and  electronegative 
to  those  that  precede  it.  The  farther  apart  any.  two  ele- 
ments occur  in  the  series,  the  greater  is  their  affinity  for 
each  other,  or  the  greater  is  the  difference  of  their  affinities 
for  the  same  element.     The  same  is  true  for  the  respective 
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E.  M.  F.'s  of  combination.  The  arrangfement  of  the  ele- 
ments in  such  a  manner  is  called  the  electrochemical  series^ 
or  sometimes  the  electromotive  series.  The  electric  current 
generated  by  any  two  elements  dipping  in  an  electrolyte 
always  passes  from  the  more  electropositive  element  through 
the  electrolyte  to  the  more  electronegative  element.  The 
order  of  the  elements  in  this  series  must  not  be  taken 
as  invariable,  as  a  great  deal  depends  on  the  tempera- 
ture, concentration,  and  the  chemical  composition  of  the 
electrolyte. 


TABIiE  VI 

ELECTROCHEMICAL.    SERIES    OF    ELEMENTS 

Electropositive 

Zinc 

Mercury 

Arsenic 

Potassium 

Iron 

Silver 

Selenium 

Sodium 

Cobalt 

Antimony 

Sulphur 

Lithium 

Nickel 

Tellurium 

Iodine 

Barium 

Thallium 

Palladium 

Bromine 

Strontium 

Lead 

Gold 

Chlorine 

Calcium 

Cadmium 

Platinum 

Oxygen 

Magnesium 

Tin 

Silicon 

Fluorine 

Aluminum 

Bismuth 

Carbon 

Electronegative 

Chromium 

Copper 

Boron 

Manganese 

Hydrogen 

Nitrogen 

PRIMARY  ANB  STORAGE  CELLS 

68.  It  has  been  shown  that  an  electric  current  passing 
through  an  electrolyte  decomposes  that  electrolyte,  the 
products  appearing  at  the  electrodes  and,  under  the  proper 
conditions,  producing  polarization.  If  these  same  substances 
are  obtained  from  some  source  outside  the  cell,  and  are  sup- 
plied to  the  electrodes  in  the  proper  form,  their  tendency  to 
combine  will  set  up  an  E.  M.  F.  identical  with  the  polariza- 
tion E.  M.  F.,  and  an  electric  current  may  be  obtained.  Such 
an  arrangement  is  called  a  primary,  voltaic,  or  gralvanlc 
cell,  the  two  latter  names  being  derived  from  the  names 
of  the  two  men,  Volta  and  Galvani,  who  were  the  first  great 
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discoverers  in  this  field  of  work.     A  simple  primary  cell  is 
shown  in  Fig.  2,  where  Z  is  the  zinc  electrode  and  C  the 
copper  electrode;  the  arrows  show 
the  direction  o£  the  current  fur- 
nished by  the  cell.    A  primary  cell 
is,  then,  a  device  for  the  direct 
transformation  of  chemical  poten- 
tial energy  into  electrical  energy. 
The  action  occurring  in  a  primary 
cell  may  be  considered  as  a  case 
:  of   reversed   electrolysis,   and   is 
\  usually  spoken  of  as  voltaic  action. 
Many  primary  cells  are  reversible; 
that   is,    after   being    discharged 
'"'  ^  they   may   be    restored    to   their 

original  condition  by  sending  an  electric  current  through 
them  in  the  proper  direction.  Such  a  cell  may  be  used 
repeatedly  without  renewing  any  of  the  materials  and  is 
known  as  a  storage  coll. 

69.  Electroae  Terminology'-  —  The  electrodes,  or 
plates,  of  a  primary  or  storage  cell  may  be  termed  anodes 
or  cathodes,  as  the  case  may  be,  but  more  frequently  the 
terms  positive  and  negative  are  used.  Unfortunately,  a  great 
deal  of  confusion  has  arisen  in  the  use  of  the  latter  terms. 
In  primary  batteries  the  zinc  plate  or  anode  is  generally 
called  the  positive  electrode,  while  the  pole  or  point  of  connec- 
tion between  this  plate  and  the  external  circuit  above  the 
electrolyte  is  called  the  iterative  pole,  since  it  is  the  most  neg- 
ative point  in  the  external  circuit.  The  cathode  (copper, 
carbon,  platinum,  etc.)  is  the  negative  electrode  and  its  pole  is 
positive,  being  the  most  positive  point  in  the  external  circuit. 
These  relations  are  shown  in  Fig,  2  by  the  use  of  -f-  and  — 
signs.  In  the  case  of  the  storage  cell,  it  is  customary  in  the 
United  States  to  call  the  peroxide  plate  (cathode  during 
discharge)  the  positive  electrode,  or  plate,  and  its  pole,  the  posi- 
tive pole.  The  spongy  metal  plate  (anode  during  discharge) 
is  the  negative  electrode,  or  plate,  and  its  pole  is  also  negative. 
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The  student  should  notice  carefully  the  difference  between 
the  terms  used  in  the  two  cases.'  The  spongy  lead  and  the 
peroxide  of  lead  of  storage-battery  plates  are  called  the 
active  materials. 

70.  Nature  of  Voltaic  Action. — A  simple  form  of 
primary  cell,  Fig.  2,  consists  of  an  electrolyte  of  sulphuric 
acid  with  electrodes  of  zinc  and  copper.  The  radical  SO^.  of 
the  sulphuric  acid  has  a  greater  affinity  for  zinc  than  for 
copper,  so  that  when  a  complete  circuit  is  established,  it 
combines  with  the  zinc  and  the  hydrogen  appears  at  the 
copper  electrode.  An  electric  current  is  produced  and  may 
be  indicated  by  a  galvanometer  included  in  the  circuit. 
Thus  it  is  seen  that  the  chemical  action  of  a  primary  cell 
consists  in  the  decomposition  of  the  electrolyte,  part  of 
which  attacks  the  anode  and  the  other  part  appears  at  the 
cathode  provided  there  is  nothing  at  this  electrode  with 
which  it  can  combine.  This  decomposition  takes  place 
throughout  the  space  between  the  anode  and  the  cathode; 
the  hydrogen,  however,  does  not  appear  throughout  the 
electrolyte,  but  only  at  the  surface  of  the  x:athode.  As 
soon  as  a  molecule  of  the  electrolyte  lying  in  contact  with 
the  zinc  electrode  is  decomposed  into  its  elements,  the 
metal  of  the  anode  unites  with  those  elements  of  the  electro- 
lyte with  which  it  can  combine  {Zn  with  SO^)  and  the  free 
hydrogen  atoms  from  the  decomposed  molecules  that  were  in 
contact  with  the  zinc  plates  combine  with  the  SO^  radicals  of 
the  next  layer  of  molecules,  thus  displacing  hydrogen  atoms, 
which  then  combine  with  the  SO^  radicals  of  the  third  layer 
of  molecules,  an<5  so  on  across  the  electrolyte  until  the  last 
layer  of  molecules  is  reached,  when  the  displaced  hydrogen 
atoms  from  this  layer  of  molecules,  having  nothing  to  com- 
bine with,  remain  free  and  appear  as  hydrogen  gas  at  the 
copper  plate  or  cathode.  These  decompositions  and  recom- 
positions  proceed  across  the  electrolyte  almost  instan- 
taneously, and  since  all  but  one  of  the  molecules  in  a  single 
line  are  reformed  immediately  after  decomposition,  the 
resulting  energy  is  th^  same  ^s  if  only  one  molecule  tooli; 
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part  in  the  reaction.  This  process  is  continued  with 
extreme  rapidity  between  all  points  of  the  opposed  electrodes 
and  furnishes  a  continuous  electric  current. 

71.  Voltaic  Action  Illustrated. — The  accompanying 
diagrams,  Fig.  3,  represent  the  electrolytic  action  in  the 
case  of  the  zinc,  Z«,  sulphuric  acid,  //,S0^,  copper  cell. 
A  single  line  of  molecules  of  the  electrolyte  between  the 
copper  and  the  zinc  electrodes  is  represented  in  (a).  In 
this  case  the  circuit  is  not  completed  or  closed  and  the 
molecules  are  supposed  to  be  arranged  in  an  irregular 
order.  For  the  sake  of  simplicity  water  is  not  represented 
as  taking  part  in  the  voltaic  action,  though  it  probably 
does.  Each  small  circle  in  the  diagrams  represents  an  atom 
or  a  radical  and  each  large  circle  encloses  a  single  molecule. 
When  the  circuit  is  completed,  the  molecules  are  supposed 
to  instantly  arrange  themselves  in  lines  with  the  SO^  radical 
of  each  molecule,  facing  the  zinc  electrode,  as  shown  in  (d). 
The  zinc  then  combines  with  the  SO^,  radical  of  the  nearest 
molecule  of  sulphuric  acid.  The  two  hydrogen  atoms  thus 
left  free  immediately  combine  with  the  SO^  of  the  next 
molecule,  thus  displacing  two  hydrogen  atoms,  which 
immediately  combine  with  the  SO^  of  the  third  molecule, 
and  so  on  across  the  liquid,  as  shown  in  (^r).  It  is  seen  that 
the  molecules,  after  a  series  of  decompositions  and  recom- 
positions,  have  their  SO^  radicals  facing  the  cathode  instead 
of  the  zinc  anode,  as  at  (^r).  They  must  therefore  turn 
around  before  the  next  series  of  actions  can  take  place. 
This  explanation  of  voltaic  action,  while  not  accounting  for 
all  the  observed  phenomena,  is  simple  and  is  therefore 
valuable  to  those  beginning  the  study  of  electrochemistry 
and  batteries. 

72,  Migration  of  Ions. — In  the  above  explanation  of 
electrolytic  action  in  a  cell,  the  liberated  hydrogen  came 
from  the  molecule  nearest  the  cathode;  it  did  not  come 
across  the  electrolyte  from  the  anode.  There  is,  however, 
a  movement  of  the  ions.  When  the  first  hydrogen  atoms 
are   set   free    from   the   molecule    nearest   the   anode,   they 
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combine  with  the  SO,  radical  of  the  next  molecule  and  so  on 
across  the  liquid.  In  these  recombinations  the  hydrogen 
atoms  not  only  go  to  meet  the  SOt  radical,  but  the  SO, 


radical  goes  to  meet  the  hydrogen  atoms.  Hydrogen  moves 
the  faster  and  goes  the  greater  part  of  the  distance,  so  after 
a  large  number  of  decompositions  and  recompositions,  the 
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ions  of  a  particular  molecule  have  actually  moved  across  the 
electrolyte;  and  since  the  hydrogen  ions  move  more  rapidly 
than  the  SO^  ions,  the  electrolyte  becomes  more  concen- 
trated at  the  cathode  (in  the  direction  in  which  the  hydrogen 
ion  moves).  Different  kinds  of  ions  move  with  different 
speeds  and  these  speeds  are  called  the  migrration  velocities 
of  ions.  Table  VII  gives  the  approximate  migration  veloci- 
ties for  a  few  of  the  ions  in  water  solution,  at  a  temperature 
of  18°  C,  and  with  a  difference  of  potential  between  the 
electrodes  of  1  volt. 

TABIiE  Vn 
MIGRATION  VELOCITIES  OF  IONS 


Cations 

Centimeters 
per  Hour 

Anions 

Centimeters 
per  Hour 

H 

io.8o 

OH 

5.60 

K 

2.05 

CI 

2.12 

NH, 

1.98 

I 

2.19 

Na 

1.2.6 

NO, 

I.91 

Ag 

1.66 

73.  Resistance  of  Electrolytes. — The  resistance  of 
the  electrolytes  is  an  important  factor  in  battery  work,  since 
a  large  internal  resistance  in  a  cell  reduces  the  amount  of 
available  current.  A  high  internal  resistance  is  not  a  serious 
defect  where  the  cell  is  to  furnish  only  a  small  current 
through  a  high  external  resistance.  But  w^here  heavy  cur- 
rents are  demanded  the  electrolyte  must  be  as  good  a 
conductor  as  possible.  Increasing  the  electrode  surface 
decreases  the  internal  resistance  of  a  cell,  but  it  is  not 
always  practical  to  increase  this  surface  sufficiently  to  make 
up  the  difference  between  a  high-resistance  and  a  low-resist- 
ance electrolyte.  For  example,  take  two  cells,  one  having 
an  electrolyte  of  zinc  sulphate  and  the  other,  sulphuric  acid, 
both  solutions  being  of  such  strength  that  their  resistances 
have  a  minimum  value;  then  in  order  for  the  cells  to  have 
the  same  internal  resistance,  the  first  must  have  an  electrode 
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surface  about  20  times  as  great  as  the  latter,  the  electrodes 
being  the  same  distance  apart  in  each  case.  In  Table  VIII 
the  resistances  of  a  few  of  the  common  electrolytes  are 
given.  The  values  given  are  the  specific  resistarices  (resist- 
ance between  opposite  parallel  faces  of  a  cube  of  the  liquid 
1  centimeter  on  a  side).  The  first  column  gives  the  amount 
(weight)  of  acid  or  other  substance  dissolved  in  water.  This 
is  expressed  as  a  percentage.  The  next  column  gives  the 
specific  resistance  corresponding  to  the  given  percentage  of 
substance  in  the  solution,  and  the  third  column  gives  the 
temperature  coefficient  expressed  as  a  percentage.  For 
example,  a  solution  of  sulphuric  acid  and  water  composed  of 
5  parts  by  weight  of  acid  and  95  parts  by  weight  of  water 
would  have  a  specific  resistance  of  4.82  ohms.  The  resist- 
ance of  all  electrolytes  decreases  with  increase  in  tempera- 
ture and  for  each  degree  centigrade  increase,  this  particular 
solution  would  decrease  in  resistance  by  1.2  per  cent. 

With  some  electrolytes  the  resistance  is  least  when  the 
solution  is  strongest,  that  is,  saturated;  with  others,  the 
resistance  decreases  with  increasing  strength  up  to  a  certain 
point,  from  which  point  the  resistance  increases  as  the 
solution  approaches  saturation.  Sodium  chloride  (common 
salt)  and  copper  sulphate  are  representatives  of  the  first 
class  and  zinc  sulphate  and  sulphuric  acid  are  representatives 
of  the  latter  class.  In  Table  VIII  where  a  minimum  resist- 
ance occurs  for  a  given  electrolyte,  the  resistance  is  printed 
in  Italic.  The  resistance  of  the  best  conducting  electro- 
lytes is  great  compared  with  the  resistance  of  the  metals. 
The  resistance  of  the  best  conducting  sulphuric-acid  solution 
is  about  1,000,000  times  that  of  copper. 

The  electrolyte  of  a  primary  cell  is  sometimes  called  the 
excitijig  fluids  or  excitant;  however,  electrolyte  is  the  best 
term  to  use. 

74,  liocal  Action. — When  a  piece  of  commercial  zinc 
is  used  in  a  voltaic  cell,  the  metal  dissolves  whether  the 
external  circuit  is  closed  or  not;  this  wasteful  consumption 
of  zinc  is  called  local  action.     The  hydrogen  liberated  at 
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the  zinc  represents  the  zinc  dissolved  without  yielding  useful 
energy  to  the  external  circuit,  the  energy  being  dissipated  in 
the  form  of  heat.     The  cause  of  local  action  may  be  seen  by 
referring  to   Fig.  4,  in  which  a  is  a  piece  of  impure  zinc 
suspended  in  the  electrolyte  i;   .^  is  a  point  where  pure 
zinc  is  exposed  to  the  electrolyte  and  ^  is  a  particle  of  some 
impurity  exposed  to  the  electrolyte.    If  the  impurity  is  some 
metal  or  metalloid,  such  as  iron  or  carbon,  it  is  electronega- 
tive to  the  zinc  and  forms  a  closed  circuit  with  the  latter 
metal.     The   current   will   flow 
from   A,    through   the   electro- 
lyte to  the  iron  or  carbon  par- 
ticle  B,    and   the   bar   of   zinc 
forms  the  external  circuit  of  the 
couple.    The  arrow  in  the  figure 
shows  the  direction  of  the  cur- 
rent in  the  electrolyte.    A  stick 
of  commercial  zinc.  In  a  sulphu-  pio.* 

ric-acid    electrolyte,   is   rapidly 

consumed  by  local  action,  on  account  of  the  large  number 
of  points  of  electronegative  substances  exposed,  and  the 
strongly  electropositive  character  of  the  zinc.  It  is  impor- 
tant that  local  action  be  prevented  as  much  as  possible  so  as 
to  obtain  the  greatest  amount  of  useful  electric  energy  from 
a  given  weight  of  zinc.  The  purer  the  zinc,  the  less  will  be 
the  local  action  on  it;  but  chemically  pure  zinc  is  difficult  to 
prepare  and  is  therefore  expensive,  and  the  only  practical 
way  of  lessening  local  action  is  by  amalgamating  the  metal. 

75.  Amalifaniatloii. — The  most  common  way  of  amal- 
gamating zinc  is  to  clean  its  surface  with  dilute  sulphuric 
acid  and  then  drop  a  little  mercury  on  the  cleaned  metal, 
spreading  the  mercury  around  with  a  cloth  until  the  entire 
surface  of  the  zinc  has  a  bright  silvery  appearance.  The 
outer  layer  of  zinc  is  thus  alloyed  with  mercury,  and  as  zinc 
is  consumed  from  this  alloy  by  voltaic  action,  the  mercury 
strikes  into  fresh  portions  of  the  zinc,  thus  keeping  the  alloy 
rich  in  the  latter  metal. 
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When  zinc  is  amalgamated  it  is  in  a  large  measure  pro- 
tected from  local  action.  Zinc  being  more  readily  amalga- 
mated than  the  impurities  in  it,  passes  to  the  surface  and 
keeps  the  impurities  covered  up.  In  this  way  only  pure 
zinc  amalgam  is  exposed  to  the  electrolyte.  Assuming  this 
explanation  to  be  correct,  we  should  expect  that  when  the 
zinc  becomes  thin  by  dissolving  away,  the  accumulated 
impurities  would  necessarily  project  through  the  amalga- 
mated surface  and  cause  local  action  to  begin,  and  this  is 
found  to  be  the  case.  It  is  sometimes  stated  that  the  pro- 
tection is  due  to  a  film  of  hydrogen  gas  collecting  on  the 
smooth  surface  of  amalgam  and  preventing  the  electrolyte 
from  coming  into  close  contact  with  the  metal.  This  expla- 
nation, however,  is  not  very  plausible. 

76.  Polarization  and  Depolarization. — If  at  or  near 
the  cathode  there  is  some  substance  with  which  the  free 
hydrogen  left  by  the  decomposition  of  the  electrolyte  may 
unite,  the  energy  liberated  by  such  formation  will  add  to 
the  E.  M.  F.  of  the  cell.  If  this  free  hydrogen  cannot  unite 
with  some  substance  at  the  cathode,  it  collects  on  the  sur- 
face in  bubbles  as  a  gas.  In  addition  to  the  reduction  of 
the  E.  M.  F.  of  the  cell  due  to  decomposition  of  the  elec- 
trolyte, the  formation  of  hydrogen  also  acts  disadvanta- 
geously,  as  it  forms  in  a  layer  on  the  surface  of  the  cathode 
which  enormously  increases  the  internal  resistance  of  the 
cell,  thus  diminishing  the  current  that  the  E.  M.  F.  of 
the  cell  can  send  through  any  given  external  resistance.  The 
formation  of  hydrogen  on  the  surface  of  the  cathode  is 
known  as  polarization,  and  its  removal,  by  any  means, 
mechanical  or  chemical,  is  called  tleiK>larlzation;  the 
agent  used  is  called  the  depolarizer, 

77.  If  merely  mechanical  means  of  depolarization  be 
used,  the  result  is  to  prevent  the  increase  of  internal  resist- 
ance of  the  cell;  whereas,  if  the  liberated  hydrogen  is  caused 
to  recombine  at  the  cathode,  by  chemical  means,  not  only 
is  the  internal  resistance  not  increased,  but  the  actual  E.  M.  F. 
of  the  cell  may  be  increased. 
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78.  Mecliaiiical   and    Physical    Depolarization. 

Various  mechanical  and  physical  devices  for  depolarizing 
cells  have  been  used;  the  cathode  has  been  arranged  to  be 
agitated  in  the  liquid,  or  to  be  entirely  removed  from  the 
liquid  at  intervals;  or  the  cathodes,  and  in  some  instances 
both  electrodes,  have  been  made  in  the  form  of  disks,  dipped 
for  about  half  their  diameter  into  the  electrolyte.  On 
rotating  the  disks,  the  hydrogen  is  prevented  from  remain- 
ing on  the  cathode  by  its  motion.  The  power  for  perform- 
ing these  various  movements  has  usually  been  derived  from 
clockwork,  and  in  some  instances  from  the  current  given  out 
by  the  battery.  As  examples  of  physical  devices,  increased 
cathode  surface  and  roughened  electrodes  may  be  men- 
tioned. It  is  obvious  that  with  a  large  cathode  surface  the 
gas  is  distributed  more  than  on  a  smaller  surface,  so  polari- 
zation does  not  occur  in  so  short  a  time.  Roughened  sur- 
faces present  numerous  points  from  which  the  gas  escapes 
more  readily  than  from  smooth  surfaces.  It  is  evident  that 
such  devices  are  commercially  of  little  value,  especially  as 
chemical  depolarizers  may  be  easily  used. 

79.  Chemical  Depolarization. — The  depolarization 
by  chemical  means  may  be  accomplished  by  surrounding  the 
negative  element  (cathode)  with  a  solid  or  liquid  substance, 
with  which  the  free  hydrogen  may  combine.  This  combina- 
tion usually  merely  disposes  of  this  element  and  prevents 
the  bad  effects  of  a  deposit  on  the  cathode.  Under  these 
circumstances  the  compound  formed  at  the  cathode  is 
usually  water,  the  depolarizer  being  a  substance  rich  in 
oxygen,  with  which  the  hydrogen  combines.  This  water 
has  the  effect  of  diluting  the  electrolyte,  already  weakened 
by  the  combination  with  the  anode;  but,  by  properly  select- 
ing the  depolarizer  with  reference  to  the  electrolyte,  the 
chemical  combination  at  the  cathode  may  be  such-  that  it  will, 
either  directly  or  by  further  combination,  replace  the  part 
of  the  electrolyte  that  has  combined  with  the  anode,  thus 
keeping  the  electrolyte  of  the  same  composition  and  strength 
throughout   the   life   of   the   anode  or   of   the   depolarizer. 
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Instances  of  both  these  classes  of  chemical  depolarization 
will  be  noted  in  the  description  of  the  various  cells.  Chlorine 
gas  is  sometimes  used  as  a  depolarizer.  It  is  somewhat 
soluble  in  water  and  so  may  be  considered  the  same  as  a 
liquid  depolarizer. 

80:  Bate  of  Depolarization. — ^The  rate  at  which  any 
depolarizer  will  act  depends  on  many  conditions;  no  depolar- 
izer will  keep  the  E.  M.  F.  of  a  cell  constant  for  all  currents, 
for,  after  a  certain  limiting  current  has  been  reached,  which 
depends  on  the  sizes  of  the  various  parts  of  the  cell,  the 
formation  of  the  free  element  of  the  electrolyte  is  more 
rapid  than  its  absorption  by,  or  combination  with,  the  depo- 
larizer, and  the  surplus  will  collect  on  the  cathode.  In  the 
case  of  depolarizers  that,  by  the  formation  of  water,  dilute 
the  electrolyte,  the  E.  M.  F.  will  become  less  with  continued 
use  of  the  cell,  even  if  the  current  output  be  small.  These 
facts  should  be  remembered  in  dealing  with  the  various 
depolarizers. 

81.     Ampere-Hour  Capacity  of  a  Sabstancc. — It  has 

been  shown  that  96,538  coulombs  of  electricity  will  liberate 
1  gram  equivalent  of  any  element  or  group  of  elements. 
It  is  also  true  that  whenever  1  gram  equivalent  of  any 
element  combines  with  any  other  element,  there  is  pro- 
duced a  quantity  of  electricity  equal  to  96,538  coulombs. 
It  is  then  obvious  that  the  greater  the  chemical  equiva- 
lent of  any  element,  the  smaller  will  be  the  quantity  of 
electricity  that  will  be  produced,  for  a  given  weight  of  the 
element,  by  its  consumption  in  the  voltaic  cell.  The  elec- 
trical capacity  of  any  metal,  per  unit  of  weight,  depends 
on  the  chemical  equivalent  of  that  element  and  not  on  its 
specific  gravity.  For  example,  lead  has  a  specific  gravity 
of  11.3  and  gold  a  specific  gravity  of  19.3,  or  gold  is  nearly 
twice  as  heavy  as  lead.  The  chemical  equivalent  of  lead 
is  103.45  and  that  of  gold  is  65.73,  or  a  little  more  than 
half  that  of  lead  and  the  dissolving  of  gold  in  the  voltaic 
cell  will  produce  nearly  twice  as  many  coulombs  as  the  same 
weight  of  lead. 
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82.  Calculation  of  Ainpere-Hour  Capacity  of  Metals. 

By  a  simple  calculation  the  ampere-hour  capacity  per  pound 
of  substance  consumed  in  a  voltaic  cell  may  be  deter- 
mined. 

Example. — How  many  ampere-hours  should  be  given  when  1  pound 
of  zinc  is  consumed  in  a  voltaic  cell? 

Solution. —  1  gram  equivalent  of  any  element  will  give  96,538 
coulombs.  The  chemical  equivalent  of  zinc  is  32.7;  therefore,  32.7 
grams  of  zinc  will  give  96,538  coulombs.     1  lb.  (avoirdupois)  =  453.6 

grams.     Therefore.  1  lb.  of  zinc  will  give  -^^  X  96,538  =  1,339,100 

coulombs.     The  number  of  coulombs,  or  ampere-seconds,  divided  by 

1  339  100 
3,600,  gives  the  number  of  ampere-hours.     Then,  — '' '  Ll^     =  372.0  = 

number  of  ampere-hours  due  to  the  consumption  of  1  lb,  of  zinc.    Ans. 

The  value  of  372  ampere-hours  per  pound  is  the  theoret- 
ical capacity  of  zinc.  The  useful  capacity,  in  practice,  is  less 
than  the  theoretical  amount,  oWingf  to  the  impurities  in  com- 
mercial metal,  losses  in  local  action,  etc.  The  ampere-hour 
capacity  of  any  substance  is  the  same  whether  it  is  consumed 
slowly  or  rapidly.  Such  conditions  of  the  cell  as  voltage, 
and  resistance  of  the  electrolyte  do  not  affect  the  ampere- 
hour  capacity  of  the  materials  composing  the  cell.  In  other 
words,  the  capacity  is  a  specific  property  of  each  substance 
and  depends  on  its  chemical  equivalent. 

83.  General  Formula  for  tlie  Calculation  of  Am- 
pere-Hour  Capacity. — If  we  express  96,538  coulombs,  or 

Q/»    COO 

ampere-seconds,   in   ampere-hours   we   get  — '_    -  =  26.82. 

3,600 

Then,  letting  IV  equal  the  chemical  equivalent  of  the  sub- 
stance whose  ampere-hour  capacity  is  to  be  determined,  and 
A  equal  the  ampere-hour  capacity  per  pound  of  substance, 

A  =  ^J  X  26.82,  orA  =  l^ij^        (2) 

ExAMPLB.  —  If  magnesium  were  consumed  in  a  voltaic  cell  how 
many  ampere-hours  could  be  obtained,  theoretically,  per  pound  of 
metal  consumed? 

Solution. — By  referring  to  Table  I  it  is  seen  that  magnesium  is  a 
divalent  element;   its  chemical  equivalent,  12.18,  is  therefore  half  its 
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atomic  weight.     In  formula  2^  JV=  12.18;  hence,  ^  =  ^^o^fo'^  =  9W 
ampere-hours  per  pound.    Ans. 

84.  Efficiency  of  Depolarizer. — According  to  calcu- 
lation, the  active  material  of  the  positive  plate  of  a  storage 
battery  should  give  101.8  ampere-hours  per  pound.  In 
practice,  however,  only  from  30  to  40  per  cent,  of  this  out- 
put is  obtained,  owing  to  the  fact  that  a  part  of  the  peroxide 
becomes  surrounded  by  the  insoluble  sulphate  formed 
during  discharge,  rendering  it  inaccessible  to  electrolytic 
action.  In  primary  batteries,  where  the  depolarizer  is  a 
solution,  only  a  part  of -the  depolarizer  is  available.  As  the 
discharge  proceeds  and  the  depolarizer  is  consumed,  the 
solution  becomes  more  and  more  dilute  until,  when  a  certain 
dilution  has  been  reached,  the  depolarizing  action  is  imper- 
fect and  the  depolarizer  must  be  renewed.  The  efficiency 
of  the  potassium-bichromate  depolarizer  of  the  plunge  bat- 
tery is  about  45  per  cent,  of  the  theoretical.  Nitric  acid  of 
commercial  strength  (specific  gravity  1.4),  containing  about 
66  per  cent,  of  the  pure  acid,  may  be  used  for  heavy 
currents  until  it  contains  only  39  per  cent,  of  pure  acid,  or  if 
only  small  currents  are  demanded,  the  acid  solution  may 
be  used  until  it  contains  only  23  per  cent,  of  pure  acid.  At 
this  point  the  acid  is  too  weak  to  depolarize  and  must  be 
renewed.  At  the  most,  only  65  per  cent,  of  the  acid  can  be 
used  before  the  liquid  has  become  too  weak  to  depolarize 
and  more  often  only  about  40  per  cent,  is  used.  Com- 
mercial nitric  acid  may  be  obtained  with  as  low  a  specific 
gravity  as  1.31.  With  such  acid  the  percentage  of  pure  acid 
available  for  depolarization  is  very  lowi  In  the  case  of 
copper-sulphate  depolarizer,  the  product  of  reduction  is 
metallic  copper,  whicli  is  deposited  on  the  cathode.  When 
the  solution  becomes  too  weak  for  efficient  depolarization, 
it  is  not  thrown  away,  because  there  are  no  products  of 
reduction  to  saturate  the  solution  and  crystallize  out,  thus 
clogging  up  the  cell.  The  depolarizing  solution  simply 
loses  copper  sulphate,  and  this  is  replaced  from  time  to 
time    by    the    addition    of    copper-sulphate    crystals,    thus 
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keeping  up  the  strength  of  the  sohition.  When  a  copper- 
sulphate  cell  is  in  continued  use,  the  depolarizer  is  almost 
completely  used  up.  In  the  case  of  potassium-bichromate 
depolarizer,  the  products  of  reduction  are  potassium  sul- 
phate and  chromium  sulphate,  which  combine  to  form 
chrome  alum.  As  the  depolarizing  solution  becomes  poorer 
in  potassium  bichromate  it  becomes  more  and  more  satu- 
rated with  the  reduction  products.  The  solution  must  be 
thrown  away  from  time  to  time  to  get  rid  of  the  reduction 
products,  and  each  time  a  quantity  of  potassium  bichromate 
must  also  be  thrown  away. 

85.  Battery  Efficiency. — The  efficiency  of  a  battery, 
like  that  of  any  other  device  for  producing  power,  is  the 
ratio  of  the  output  to  the  input.  The  output  of  a  cell  may 
be  expressed  in  ampere-hours  or  in  watt-hours.  The  first 
does  not  take  the  voltage  into  consideration  and  hence  is 
simply  a  measure  of  the  total  current  output  and  not  of  the 
power  output.  The  number  of  ampere-hours  that  should  be 
theoretically  obtained  from  the  consumption  of  a  given 
amount  of  material  can  be  calculated,  and  the  ratio  of  the 
ampere-hours  actually  obtained  to  the  calculated  number 
will  give  the  ampere-hour  efficiency.  The  ratio  of  the 
watt-hours  delivered  to  the  watt-hours  represented  by  the 
total  energy  liberated  by  the  chemical  actions  will  give 
the  watt-hour  efficiency  of  a  primary  cell.  This  efficiency 
is  less  than  the  ampere-hour  efficiency  and  is  of  most  interest 
in  connection  with  storage  batteries,  where  the  watt-hour 
efficiency  is  readily  determined  by  taking  the  ratio  of  the 
watt-hours  obtained  on  discharge  to  the  watt-hours  required 
to  charge  the  cells.  The  ampere-hour  efficiency  of  zinc  in 
the  primary  battery  can  be  made  high  (90  per  cent,  or  above) 
by  remelting  and  casting  the  scraps  (pieces  that  have  become 
too  thin,  parts  that  project  above  the  electrolyte,  etc.)  and 
keeping  the  amount  of  local  action  as  small  as  possible. 
Theoretically,  2  pounds  of  zinc  and  chlorine  or  2  pounds  of 
zinc  and  chromic  acid  should  give  about  1  horsepower-hour, 
and  practically  it  ought  not  to  require  more  than  3  pounds  of 
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either  combination  to  gfive  the  same  power.  According  to 
the  figures  given,  we  should  expect  a  large  amount  of  power 
from  a  small  weight  of  battery,  but  since  a  large  quantity  of 
liquid  is  required  to  keep  the  materials  in  solution,  and  the 
weight  of  jars  and  accessories  is  considerable,  the  actual 
number  of  pounds  of  battery  required  to  give  a  horsepower- 
hour  is  rather  high. 

86,  Battery  Eqaations. — Equations  representing  the 
chemical  reactions  that  occur  in  cells  are  written  the  same  as 
for  any  chemical  reaction;  the  electrodes  and  the  part  of  the 
electrolyte  taking  part  in  the  discharge  are  written  in  the 
first  member  of  the  equation,  and  the  products  resulting  from 
the  discharge  are  written  in  the  second  member.  The  actions 
at  the  anode  and  those  at  the  cathode  may  be  expressed  in 
separate  equations  or  all  the  reactions  may  be  expressed 
in  one  equation.  For  example,  take  the  gravity  cell  in  which 
the  substances  are  copper,  copper-sulphate  solution,  zinc- 
sulphate  solution,  and  zinc  (Cw,  CuSO^y  ZfiSO^,  Z?i),  The 
action  at  the  anode  is  expressed,  Zn  +  H^SO^  =  ZnSO^ 
+  //,;  and  that  at  the  cathode  is  expressed,  CuSO^  +  H^ 
=  H^SO^  +  Cu.  The  sulphuric  acid  formed  in  this  last 
reaction  diffuses  to  the  zinc,  or  anode,  and  furnishes  the  acid 
for  the  reaction  expressed  in  the  first  equation.  Both  of 
these  reactions  may  be  expressed  in  one  equation  as  follows: 
Zn  +  H^SO^  +  CuSO^  =  ZnSO^  +  H^SO^  +  Cu.  Since  in 
this  cell  sulphuric  acid  is  both  formed  and  decomposed,  the 
result  in  the  cell  as  a  whole  is  expressed  by  the  equation, 
Zn  -h  CuSO^  =  ZnSO^  -h  Cu,  However,  sulphuric  acid  is 
formed  at  one  electrode  (cathode)  and  decomposed  at  the 
other,  and  this  affects  the  acid  strength  in  the  two  parts  of 
the  electrolyte,  until  diffusion  brings  about  a  uniformity  after 
the  current  is  stopped.  The  total  quantity  of  acid  remains  the 
same,  but  it  is  not  always  uniformly  distributed;  hence,  the 
reactions  in  batteries  may  be  viewed  in  two  ways:  (1)  as  total 
effects,  and  (2)  as  local  effects  occurring  at  the  electrodes. 

87.  E.  M.  F.  of  a  Cell. — In  the  electric  cell  the  principal 
E.  M.  F.'s  are  set  up  at  the  junction  with  the  electrolyte 
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(1)  of  the  positive  electrode,  and  (2)  of  the  negative  elec- 
trode. In  cells  having  two  liquids  separated  by  gravity  or 
by  a  porous  cup,  an  E.  M.  F.  may  be  set  up  at  the  junction 
of  the  two  liquids,  but  it  is  generally  unimportant. 

If  more  than  one  set  of  actions  can  take  place  in  a  cell,  the 
E.  M.  F.  of  each  action  must  be  added  or  subtracted  to  get 
the  resulting  E.  M.  F.  according  to  the  nature  of  the  action. 
If  the  substance  forming  the  anode  has  an  affinity  for  one  or 
more  elements  of  the  electrolyte,  and  the  substance  forming 
the  cathode  has  an  affinity  for  the  other  element  or  elements 
of  the  electrolyte,  it  is  evident  that  the  tendencies  of  these 
elements  to  combine  with  the  anode  and  cathode,  respectively, 
will  assist  each  other,  and  the  E.  M.  F.*s  of  each  of  the 
actions  should  be  added  together  to  give  the  resulting 
E.  M.  F.  of  the  cell.  When  such  depolarizers  as  nitric  acid, 
lead  peroxide,  chromic  acid,  etc.  are  used  in  a  cell,  the  result 
is  an  E.  M.  F.  higher  than  the  zinc  alone  could  produce. 
Zinc  has  an  attraction  for  the  anion  of  the  electrolyte,  and 
the  depolarizers  have  strong  attractions  for  the  cation 
(hydrogen)  on  account  of  the  large  amount  of  available 
oxygen  they  contain.  If  each  of  the  substances  forming  the 
anode  and  cathode,  respectively,  has  an  affinity  for  the  same 
element  or  elements  of  the  electrolyte,  it  is  evident  that  the 
tendency  of  these  elements  to  combine  with  the  anode  will 
be  partly  balanced  by  their  tendency  to  combine  with  the 
cathode;  hence,  the  E.  M.  F.  that  would  result  from  either 
action  alone  must  be  subtracted  from  the  other  to  obtain  the 
resulting  E.  M.  F.  In  a  copper-zinc  cell  having  a  sulphuric- 
acid  electrolyte,  both  the  anode  and  the  cathode  have  an 
affinity  for  the  same  elements  of  the  electrolyte,  namely,  the 
SO^  radical.  Zinc  has  the  stronger  attraction  for  this  radical, 
and  the  difference  between  the  two  attractive  forces  deter- 
mines the  E.  M.  F.  of  the  cell.  If  carbon  had  been  used  in 
place  of  the  copper,  the  former  having  no  affinity  for  the 
SO4.  radical,  the  full  E.  M.  F.  of  the  action  on  the  zinc  would 
appear. 

It  will  be  well  to  note  at  this  point  that  zinc  in  contact 
with  sulphuric  acid  has  a  greater  E.  M.  F.  than  when  the 
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electrolyte  contains  zinc  sulphate  in  solution  in  addition  to 
the  acid.  The  same  is  true  for  any  metal  and  its  salt.  In  a 
cell  using  zinc  as  the  electropositive  metal,  the  E.  M.  F.  falls 
as  the  electrolyte  around  the  zinc  becomes  more  concentrated 
with  zinc  salt.  A  copper-zinc  cell  with  a  dilute  sulphuric- 
acid  electrolyte  gives  an  E.  M.  F.  of  nearly  .9  volt;  the 
same  cell  having  the  copper  electrode  surrounded  with  a 
concentrated  solution  of  copper  sulphate  gives  an  E.  M.  F. 
of  nearly  1.1  volts.  In  the  latter  case,  copper  has  a  less 
E.  M.  F.  opposing  the  E.  M.  ^  F.  at  the  zinc  electrode, 
resulting  in  the  increased  E.  M.  F.  of  the  cell. 

88.  The  size  of  the  electrodes  does  not  affect  the  E.  M.  F. 
of  a  cell;  a  small  cell  having  electrodes  1  millimeter  square 
gives  the  same  E.  M.  F.  as  a  cell  of  the  same  materials 
having  electrodes  1  meter  square.  The  E.  M.  F.  depends 
on  the  chemical  properties  of  the  materials  used  and  not  on 
the  size  of  the  electrodes  nor  on  the  distance  between  them. 

89.  Calculation  of  E.  M.  F.  From  Heat  of  Combi- 
nation.— The  combination  of  a  gram-molecule  of  a  sub- 
stance with  any  other  substance  produces  an  amount  of  heat 
that  is  always  the  same  (under  the  same  conditions)  for  the 
same  substance.  Under  the  proper  conditions  this  heat  may 
appear  in  the  form  of  electrical  energy.  The  greater  the 
affinity  between  the  combining  substances,  the  greater  is  the 
amount  of  heat  or  of  electrical  energy  produced  by  their 
combination  or  required  for  their  decomposition.  The 
amount  of  energy  is  the  same  whether  it  appears  as  heat  or 
electricity.  The  heat  of  any  chemical  reaction  being  known, 
the  E.  M.  F.  of  combination  can  be  calculated.  It  is  known 
that  EQ  =  y,  where  £  is  the  E.  M.  F.,  in  volts;  Q  is  the 
quantity  of  electricity,  in  coulombs;  and  J  is  the  energy, 
expressed  in  joules.  Since  4.19  is  the  number  of  joules 
equivalent  to  1  calorie,  and  if  H  is  the  number  of  calories 
evolved  in  the  formation  of  1  gram-equivalent  of  the  sub- 
stance whose  E.  M.  F.  of  combination  is  to  be  calculated, 
J=  EQ  —  4.19//.  Since  //represents  the  heat  evolved  per 
gram-equivalent,   we  must   let    Q   represient    coulombs    per 
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« 

gfram-equivalent,  and  this  we  have  shown  to  be  96,538 
coulombs  for  any  element  or  radical.  The  equation  then 
becomes  E  X  96,538  =  W^H,  or 

E  =  ^1?^  =    ^  (3) 

96,538       23,040 

Thus,  dividing  the  number  of  calories  of  heat  produced 

when    1    gram-equivalent   of  any  substance   is   formed,  by 

23,040  gives  the  E.  M.  F.  produced  in  the  forming  of  that 

substance. 

Example. — Calculate  the  E.  M.  P.  produced  by  the  formation  of 
water  from  its  elements. 

Solution. — From  Table  II  we  find  that  the  heat  of  formation  of 
1  gram -equivalent  of  water  is  34,000  calories.     Substituting  the  value 

for  H  in  formula  3,  ^  =      *        =  1.476  volts.    Ans. 

Note.— In  the  case  of  binary  compounds  like  water,  the  heat  of  formation  and  the 
heat  of  combination  of  one  eiement  with  the  other,  amount  to  the  same  thinsr.  With 
compounds  like  zinc  sulphate,  the  heat  of  formation  involves  the  combination  of  three 
elements— a  reaction  that  does  not  take  place  at  a  sinsfle  operation  in  a  voltaic  cell- 
however,  the  heat  of  combination  of  zinc  with  sulphuric  acid  involves  a  reaction 
merely  between  two  substances  and  this-reaction  can  take  place  in  a  voltaic  cell. 

It  should  be  remarked  that  owing  to  the  incomplete 
knowledge  of  thermochemical  equivalents,  and  of  the  exact 
nature  of  the  electrochemical  actions  in  the  cell,  the  E.  M.  F. 
of  a  cell  can  only  in  a  very  few  instances  be  predetermined 
with  accuracy.  Secondary  reactions  often  modify  the  result 
to  such  an  extent  that  the  E.  M.  F.  actually  obtained  is 
quite  different  from  that  calculated  from  the  energy  liber- 
ated by  the  various  reactions. 

90.  Choice  of  Anode  Material. — From  the  preceding, 
it  is  seen  that  in  order  to  give  a  high  E.  M.  F.,  the  metal 
chosen  for  the  anode  must  be  one  whose  salts  have  a  com- 
paratively high  value  for  their  heat  of  formation.  Such 
metals  are  potassium,  sodium,  strontium,  calcium,  and  mag- 
nesium; potassium  salts  have  the  highest  heat  of  formation; 
the  others,  in  the  order  given,  have  lower. 

91.  Suitability  of  Zinc  for  Anode. — Having  a  high 
heat  of  formation  means,  however,  that  a  metal  has  a  great 
affinity  for  the  element  necessary  to  form  its  salts  or  oxides; 
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this  being  the  case,  it  is  liable  to  combine  with  such  ele- 
ments whenever  the  opportunity  presents  itself,  taking  them 
from  the  air,  from  water,  or  from  salts  of  other  metals  that 
have  a  lesser  affinity  for  the  salt-forming  elements.  Conse- 
quently, the  metals  in  the  list  given  could  not  be  used  in  the 
presence  of  acids  or  solution  of  salts,  or  even  of  water, 
without  decomposing  the  liquid  and  rapidly  forming  salts  or 
oxides,  nearly  the  whole  of  the  energy  of  the  action  appear- 
ing as  heat.  In  order,  then,  to  have  a  practical  cell,  the 
metal  should  not  be  attacked  by  the  electrolyte  except  when 
the  cell  is  furnishing  a  current.  This  is  the  reason  for  the 
extensive  adoption  of  zinc,  it  being  a  metal  whose  heat  of 
formation  is  comparatively  high,  at  the  same  time  not  high 
enough  to  cause  its  salts  and  oxides  to  be  formed  with  any 
degree  of  rapidity  when  the  cell  is  an  open  circuit.  Besides, 
zinc  is  a  cheap  metal  and,  in  proportion  to  the  amount  of 
chemical  energy  possessed,  is  cheaper  than  any  other  metal 
that  can  be  used. 

92.  Carbon  as  Anode  Material. — A  great  many 
investigators  have  attempted  to  use  carbon  in  a  primary 
cell  in  the  place  of  zinc,  but  so  far  carbon-consuming  cells 
have  not  been  successful.  Carbon  cells  would  have  the 
advantage  of  cheapness  and  lightness  if  the  efficiency  could 
be  brought  to  the  point  reached  by  ordinary  primary  bat- 
teries. Theoretically,  carbon  will  give  4,048.6  ampere- 
hours  per  pound;  its  E.  M.  F.  of  combination  with  oxygen, 
as  calculated  from  its  heat  of  combination  with  that  element, 
is  about  1  volt.  Thus  the  calculated  capacity  of  carbon  is 
about  4,048.5  watt-hours  per  pound,  while  that  of  zinc  com- 
bining with  oxygen  is  about  670.0  watt-hours  per  pound. 
Notwithstanding  the  great  advantage  to  be  gained  by  the 
use  of  carbon,  very  little  has  been  accomplished  in  this 
direction,  and  indeed,  a  number  of  authorities  on  this  sub- 
ject have  pronounced  it  impossible  to  obtain  electrical 
energy  from  carbon  in  this  way. 

93.  Active  Materials  of  Storagfc  Batteries. — Up  to 

the  present  time  lead  and  its  compounds  have  proved  to  be 
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the  materials  best  adapted  for  use  in  storage  batteries; 
insolubility  in  the  electrolyte  used,  and  reversibility  of  the 
reactions,  are  the  chief  properties  that  give  it  the  advantage. 
The  high  E.  M.  F.  of  the  lead  cell  is  also  a  strong  point  in 
its  favor,  a  large  part  of  the  E.  M.  F.  being  due  to  the 
depolarizer  PbO^,  Other  metals,  with  their  oxides,  are  now 
claiming  attention  in  the  storage-battery  field;  chief  among 
these  are  iron  and  nickel  (Edison  cell)  used  in  an  electro- 
lyte of  potassium,  or  .sodium,  hydroxide.  The  E.  M.  F.  of 
the  new  cell  is  not  as  high  as  that  of  the  lead  cell,  but  the 
ampere-hour  capacity  ishnuch  greater. 
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PRIMARY  BATTERIES 


VOLTAIC   CELLS 


INTRODUCTION 

!•     A  primary,  Toltalc,  or  gralvanlc,  cell,  as   it   is 

variously  called,  is  an  apparatus  for  converting  chemical 
energy  directly  into  electric  energy.  The  general  concep- 
tion of  a  primary  cell  includes  the  action  of  electrolysis;  the 
cell  consists  of  two  conducting  elements  immersed  in  a 
solution  that  acts  chemically  on  one  element  only  or  on  one 
more  than  on  the  other.  If  the  two  elements  or  poles  of  the 
cell  are  joined  by  a  continuous  metallic  wire  or  circuit,  an 
electric  current  will  flow  in  one  direction  through  the  metal- 
lic circuit  as  long  as  the  circuit  remains  complete  or  closed, 
provided  the  chemical  action  is  sufficient  to  maintain  the 
electromotive  force. 

A  voltaic  battery  is  a  combination  of  a  number  of 
separate  voltaic  cells  properly  joined  together;  however,  the 
two  terms,  battery  and  cell,  are  used  rather  indiscriminately. 


HISTORICAL. 

2.  About  the  year  1786,  Galvani,  an  Italian  physiologist 
and  physicist,  discovered  that  frogs'  legs  suspended  from 
an  iron  support  by  a  copper  wire,  made  violent  movements 
when  in  contact  with  both  the  iron  and  the  copper.  Galvani 
supposed  the  movements  due  to  a  separation  of  positive 
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and  negative  electricity  at  the  junction  of  the  nerves  and 
the  muscles, 

Volta,  another  Italian  physicist,  showed  that  two  dissimi- 
lar metals  were  necessary  to  the  production  of  the  phenom- 
ena. In  1799,  he  constructed  a  form  of  battery  known  as 
Volta' s  pile.  Disks  of  zinc,  wet  cloth,  and  copper  were 
piled  up  in  the  order  given,  thus  producing  a  battery  having 
a  large  number  of  couples  joined  in  series  and  from  which 
a  considerable  electromotive  force  was  obtained.  Later, 
Volta  changed  the  form  of  the  pile  by  substituting  cups  of 
salt  water  for  the  wet  cloth,  inserting  copper  and  zinc  strips 
in  the  liquid  of  the  cups,  and  formed  a  battery  of  cells  by 
joining  the  copper  of  one  cup  to  the  zinc  of  the  next  cup. 

Fabroni,  an  Italian  biographer,  was  perhaps  the  first  to 
recognize  that  chemical  reactions  occur  when  dissimilar 
metals  are  immersed  in  water  and  brought  into  contact  at 
some  point,  and  stated  (about  1791)  that  he  believed  the 
electric  phenomena  produced  to  be  due  to  the  slow  com- 
bustion, or  oxidation,  of  metal. 

In  1801,  Davy,  an  English  chemist,  experimented  with 
acid  electrolytes  in  primary  cells.  In  1828,  Kemp,  and 
later.  Sturgeon,  discovered  the  only  practical  method  of 
reducing  local  action  on  zinc,  that  is,  by  amalgamation. 

The  important  and  well-known  Daniell  cell,  Cu-CuSO^- 
porous  Q\ip-ZnSO^Zn,  was  first  described  in  1836,  and 
the  Grove  cell,  Z«-/^,56>«~porous  cnp-HNO^-Ply  in  1839. 
The  Smee  cell,  making  use  of  a  platinized  silver  negative 
electrode,  appeared  in  1840,  and  about  the  same  time  carbon 
was  substituted  for  the  platinum  of  the  Grove  cell.  Bunsen, 
a  German  chemist  of  note,  is  generally  credited  with 
the  latter  improvement;  he  also  developed  the  bichromate 

*     '    *  j-Zn,     The  Leclanch^  cell,  using  a  solution 

of  ammonium  chloride  as  the  electrolyte,  was  introduced 
about  1868.  It  has,  perhaps,  been  modified  more  than  any 
other  primary  cell;  among  these  modifications  is  included 
the  important  class  known  as  dry  cells.  The  first  successful 
dry  cell  was  made  by  Gassner  in  1888. 
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About  the  year  1865,  cells  using  an  alkaline  electrolyte 
(potassium,  or  sodium,  hydroxide  solution)  with  a  zinc 
anode  and  a  copper  oxide  depolarizer  in  contact  with  an 
iron  cathode,  were  investigated  by  Denys,  Lalande,  and 
Chaperon,  and  later  by  Edison  and  others.  These  investi- 
gations have  resulted  in  the  production  of  the  Edison- 
Lalande  and  the  Gordon  cells — two  cells  that  are  in  present 
use  in  the  United  States. 

This  brief  account  will  give  a  general  idea  as  to  the 
length  of  time  the  primary  battery  has  been  in  developing 
and  also  a  few  of  the  prominent  names  associated  with  this 
development.  

CLASSIFICATION 

3,  Primary  cells  are  frequently  classed  as  single-iluid 
and  two-fluid  cells;  but  as  such  a  classification  has  little 
reference  to  the  principles  of  depolarization,  it  will  not  be 
used  here.  According  to  this  classification  bichromate  cells 
would  be  treated  in  two  separate  classes.  One  class  inclu- 
ding those  cells  having  the  bichromate  of  potash  depolar- 
izer separated  from  the  electrolyte  by  a  porous  partition 
or  by  gravity  (one  liquid  being  heavier  than  the  other), 
and  the  other  class  treating  of  those  cells  having  the 
depolarizer  mixed  with  the  electrolyte.  It  is  readily  seen 
that  the  two  forms  of  the  bichromate  cell  are  the  same 
in  principle  and  should  be  treated  under  one  head.  The 
various  cells  will  be  here  discussed  in  the  four  following 
classes: 

1.  Cells  Having  No  Chemical  Depolarizer, — This  is  the 
simplest  form  of  primary  cell,  but  on  account  of  their  rapid 
polarization,  cells  of  this  class  are  used  only  for  intermittent 
work.  They  are  commonly  called  open-circuit  cells.  This 
class  includes  those  cells  making  use  of  mechanical  and 
physical  depolarization  as  well  as  those  in  which  no  method 
of  depolarization  is  employed. 

2.  Cells  With  a  Liquid  Depolarizer. — In  this  class  of  cells 
the  negative  electrode,  or  cathode,  is  surrounded  by  a  depo- 
larizing liquid  that  may  be  separated  from  the  electrolyte  by 
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a  porous  partition  or  by  gravity,  or  the  depolarizing  agent 
may  be  mixed  with  the  electrolyte  and  is  then  in  contact 
with  both  electrodes.  The  latter  arrangement,  however,  is 
very  apt  to  cause  excessive  local  action. 

3.  Cells  With  a  Solid  Depolarizer. — This  class  is  identical 
in  action  with  the  preceding  one,  the  depolarizer,  however, 
being  a  solid  instead  of  a  liquid.  If  the  solid  depolarizer  is 
granular,  or  in  the  form  of  powder,  it  is  often  necessary  to 
employ  a  porous  partition  between  the  cathode,  which  is  sur- 
rounded by  the  depolarizer,  and  the  electrolyte.  This  is 
merely  to  keep  the  depolarizer  in  place,  and  is  dispensed 
with  if  the  depolarizer  is  formed  into  a  paste  or  solid  body 
on  the  cathode.  In  fact,  the  depolarizer  may  itself  form  the 
cathode,  if  it  be  a  solid  conducting  material,  the  office  of  the 
cathode  being  primarily  to  establish  a  connection  between 
the  electrolyte  and  the  external  circuit. 

4.  Standard  Cells, — Since  standard  cells  are  designed  for 
a  special  purpose  (standards  of  electromotive  force)  and 
belong  to  more  than  one  of  the  above  classes,  it  is  desirable 
to  treat  them  together  tmder  a  separate  head. 

Though  a  large  number  of  different  cells  have  been  made, 
they  are  all  included  in  one  of  these  classes.  Therefore, 
only  a  few  typical  cells  of  each  class  will  be  described, 
greater  attention  being  paid  to  those  cells  that  are  com- 
mercially important. 

4.  Open-  and  Closed-Circuit  Cells. — For  practical 
purposes,  primary  cells  may  be  roughly  divided  into  two 
general  classes:  Those  capable  of  furnishing,  in  a  circuit  of 
moderate  resistance,  a  reasonably  uniform  current  for  quite 
a  long  time,  and  those  capable  of  supplying  a  current  only 
intermittently,  and  then  only  for  a  few  seconds  each  time, 
but  are  able  to  stand  for  long  intervals  on  open  circuit  with- 
out consumption  of  materials  due  to  local  action.  The 
former  are  called  closcd-clrcnit  cells,  and  the  latter 
open-circuit  cells.  Some  closed-circuit  cells  may  be 
used  to  supply  intermittent  currents — that  is,  they  may  be 
used  on  circuits  that  are  open  the  greater  part  of  the  time — 
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but  open-circuit  cells  should  never  be  used  where  a  con- 
tinuous current  is  required — that  is,  on  circuits  that  are 
closed  the  greater  part  of  the  time.  Gravity,  Gordon, 
Edison-Lalande,  and  bichromate  cells  are  samples  of  the 
closed-circuit  type.  Most  closed-circuit  cells  deteriorate  if 
left  on  open  circuit  too  much  of  the  time,  and  hence  they  are 
not  usually  suitable  for  intermittent  work,  where  only  small 
currents  are  required  and  the  inactive  periods  are  long. 
Leclanch6  and  dry  cells  are  the  best  examples  of  open-circuit 
cells.  For  intermittent  work,  for  instance  for  electric  bells 
and  some  types  of  telephones  that  are  not  in  constant  use, 
nor  in  use  for  long  periods  at  any  one  time,  good  open-circuit 
cells  are  the  most  satisfactory.  They  are  not,  however, 
suitable  where  a  continuous  current  is  required,  nor  even  for 
intermittent  work  unless  the  idle  periods  are  sufficiently  long 
and  frequent  to  allow  the  cells  time  to  recuperate. 

5,  Properties  of  a  Good  Primary  Cell. — ^A  good 
primary  cell  should  have  (1)  a  high  and  constant  electro- 
motive force;  (2)  a  low  internal  resistance;  (3)  should  give 
a  constant  current  and  therefore  must  be  free  from  polariza- 
tion; (4)  should  be  free  from  local  action;  (5)  the  materials 
consumed  should  be  cheap  and  efficient;  (6)  the  electrolyte 
should  be  non-freezing;  (7)  the  cell  should  require  a  mini- 
mum of  attention  for  recharging  and  repairs;  (8)  and  should 
not  give  off  corrosive  or  poisonous  fumes.  No  cell  has 
yet  been  constructed  that  will  fulfil  all  these  requirements. 
In  cases  where  the  battery  is  kept  in  well-ventilated  places, 
corrosive  fumes  may  not  be  objectionable;  in  cases  where 
the  external  resistance  is  great,  as  in  telegraph  work,  a  low 
internal  resistance  is  not  of  much  importance;  in  certain 
electroplating  operations  a  high  electromotive  force  is  not 
needed;  and  when  the  work  required  of  the  battery  is  inter- 
mittent, as  for  ringing  door  bells,  a  constant  current  may  not 
be  necessary  if  the  intervals  of  non-use  are  so  distributed 
and  of  such  duration  that  the  electromotive  force  is  kept 
near  its  normal  value,  and  in  such  cases  chemically  depo- 
larizing cells  are  not  necessary. 
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From  the  description  of  batteries  that  follows,  it  will  be 
seen  that  some  cells  are  adapted  to  one  puipose  and  some 
to  another.  Many  of  the  cells  of  commercial  importance 
will  be  treated  in  the  several  classes,  and  from  the  descrip- 
tions gi'^c'^  i^  will  be  an  easy  matter  for  the  student  to  deter- 
mine the  work  for  which  a  given  cell  is  best  adapted. 


CELI.S  HAVING  NO  CREHICAI.  DEPOLARIZER 

6,     Cells  havine  no  chemical   depolarizer  include  those 
of  the  Yolta  typd   which  consist  generally  of  an  electro- 
lyte of  acid  or  saline  solution,  into  which  are  placed  two 
plates  of  metal,  one  of  which  (usually  zinc)  is  acted  on  by 
the  electrolyte.     A  simple  form  is  illustrated  in  Fig.  1;  its 
materials  are  zinc,  dilute  sulphuric  acid,  and  copper,  which 
give   an   electromotive   force  of   about  .9  volt.     Hereafter 
electromotive  force  will  be  written  E.  M,  F.,  an  abbreviation 
very  commonly  used.     Many  modifications  of  the   form  of 
this  type  of  cell  have  been  sug- 
gested and  used,  such  as  making 
the  elements  in   strips  and  roll- 
ing them  around  each  other  in  a 
spiral  form,  with  insulating  mate- 
rial between,  etc.;  but  all  are  open 
to  the  objection  of  rapid  polari* 
zation. 

In  place  of  copper  as  a  cathode 
,  many  other  elements  have  been 
used — for  instance  in  the  Smee 
cell  a  plate  of  platinum  or  plati- 
nized silver  is  used.     A  platinized 
silver  plate  is  usually  made  of  a  corrugated  plate  of  thin 
silver,  the  surface  of  which  is  covered  with  a  very  rough 
deposit  of   platinum.     The   escape   of   hydrogen  from  the 
cathode  of  the   Smee  cell  is  facilitated  by  the  roughened 
surface  of  the  deposited  platinum,  which  presents  a  large 
number  of  points  for  the  collection  and  escape  of  gas.     In 
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this  case  the  depolarization  is  accomplished  by  physical 
means.     The  depolarization,  however,  is  far  from  perfect. 

Not  long  after  the  first  use  of  the  zinc-sulphuric  acid- 
copper  battery,  it  was  found  that  the  copper  or  other  metallic 
cathode  could  be  advantageously  replaced  with  porous  carbon, 
and  many  cells  were  so  constructed.  The  E.  M.  F.  of  such  a 
cell  is  about  1.35  volts  ordinarily.  To  prevent  the  electrolyte 
from  becoming  exhausted  too  quickly,  there  is  sometimes 
placed  in  the  cell  a  porous  earthenware  pot  or  cup,  filled  with 
strong  sulphuric  acid.  As  the  dilute  acid  outside  the  porous 
cup  becomes  weaker,  the  stronger  acid  diffuses  through  the 
sides  of  the  porous  cup  and  keeps  up  its  strength.  In  some 
instances  the  carbon  cathode  has  itself  formed  the  porous 
cup.  An  objection  to  the  use  of  porous  cups  in  this  type  of 
cell  is  that  its  pores  are  liable  to  become  clogged  by  deposits 
of  zinc  sulphate  from  the  solution.  The  chemical  reaction  in 
this  type  of  cell  is  expressed  by  the  equation  Zn  +  H^SO^ 
=  ZnSO^  +  /^,. 

Other  acid  electrolytes  have  been  used  in  this  type  of  c^ll. 
With  either  nitric  or  hydrochloric  acid  (diluted)  the  E.  M.  F. 
is  not  sensibly  different  from  that  with  sulphuric  acid  as  the 
electrolyte.  

ZINC -AMMONIUM    CHLORIDE -CARBON    CELIi 

7,  Of  the  saline  electrolytes,  the  best  exciting  liquid  is 
considered  to  be  a  solution  of  ammonium  chloride  (also  called 
sal  ammoniac).  The  E.  M.  F.  of  a  zinc-ammonium  chloride- 
carbon  cell  (without  any  depolarizer)  varies  from  1.3  to  1.4 
volts,  but  when  supplying  a  current  of  .2  ampere  or  more  the 
E.  M.  F.  soon  drops  lower  and  seldom  regains  its  original 
value.  The  chemical  reaction  of  this  type  of  cell  is  expressed 
by  the  equation  Zn  +  2H,NCl  =  ZnCl,  +  2H^N  +  H^.  The 
hydrogen  passes  off  as  a  gas  and  the  ammonia  gas  (H^N)^ 
which  is  soluble  in  water,  also  passes  off  as  a  gas  after  tha. 
water  becomes  saturated  with  it. 

To  recharge  an  exhausted  cell  only  a  new  zinc  rod  and  a 
fresh  solution  of  sal  ammoniac  are  required.  The  carbon 
cylinder  should  be  well  soaked  in  water  and  exposed  to 
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the  air  aivT  sun  to  remove  tbe  salts  with  which  the  pores 
become  clogged. 

8.  There  are  a  great  variety  of  cells  of  this  type  in  use 
for  ringing  bells,  gas  lighting,  and  doing  other  intermittent 
work.  They  are  all  alike  in  principle,  bat  their  mechanical 
construction  diPEers  somewhat. 

In  the  Law  open-cirniit  cell,  shown  in  Fig.  2,  the  carbon 
electrode  c  is  in  the  form  of  two  hollow  cylinders,  one  enclo- 
sing the  other,  as  shown  in  section  at  (b).  Each  cylinder 
has  a  wide  vertical  slit  in  one  side  in  which  the  zinc  rod  z 
hangs,  being  suspended  from  the  cover  d,  which  is  made  of 


compressed  insulating  material.  A  rubber  band  m.  under  the 
cover  produces  a  close  fit  between  the  cover  and  the  jar.  The 
terminal  /  is  fastened  by  a  nut  on  the  top  of  the  cover  and 
makes  contact  through  the  carbon  piece  e  with  the  cylinder  c. 
This  piece  (T  is  a  separate  piece  of  carbon  and  makes  contact 
with  the  cylinders  c  only  through  a  shoulder,  the  tightness 
of  the  joint  depending  on  the  nut  on  top  of  the  cover.  This 
arrangement  does  not  seem  very  good.  There  is,  however, 
a  very  soft  rubber  washer  «  that  allows  a  tight  joint  to  be 
made  between  e  and  c.  The  general  appearance  of  the  cell  is 
shown  at  (a).    The  carbon  element  has  a  very  large  surface. 
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In  the  Little  Giant  cell^  the  hollow  carbon  cylinder  is  cx)n- 
tinuous,  except  for  a  hole  in  the  side  for  the  circulation  of 
the  electrolyte;  the  zinc,  in  the  form  of  a  rod,  is  suspended 
in  the  center  of  the  carbon  cylinder.  The  top  of  the  cylin- 
der is  extended  to  form  the  cover  of  the  cell,  and  the  zinc  is 
insulated  from  it  by  a  porcelain  bushing. 

The  Laclede  is  a  similar  cell,  except  that  the  carbon  ele- 
ment is  oval  in  shape,  thus  giving  a  larger  amount  of 
surface. 

The  Hercules  cell  employs  a  corrugated,  solid,  carbon 
cylinder,  the  zinc  element  being  of  sheet  zinc  bent  into  a 
cylinder  surrounding  the  carbon;  the  two  are  prevented 
from  touching  by  two  thick  rubber  bands  around  the  carbon 
cylinder. 

Many  other  forms  of  carbon  and  zinc  elements  are  used; 
the  particular  shape  of  the  carbon  has  comparatively  little  to 
do  with  the  satisfactory  working  of  the  cell,  provided  that 
the  surface  exposed  to  the  liquids  is  very  large;  care  and 
good  design  in  the  construction  are  more  important.  The 
element  should  be  of  such  shape  as  not  to  be  easily  broken 
in  transit,  and,  being  usually  molded  into  shape  under  pres- 
sure, should  be  of  such  proportions  that  it  is  cheap  to  make. 
The  carbon  should  be  made  as  porous  as  possible.  Thus,  the 
area  of  the  internal  circuit  of  the  cell  is  made  large,  and  at 
the  same  time  advantage  is  taken  of  the  slight  depolarization 
occurring  with  a  porous  carbon  of  large  surface,  due  to  the 
oxygen  that  porous  carbon  absorbs  from  the  air,  and  with 
which  some  of  the  evolved  hydrogen  combines.  This  depo- 
larizing- action  takes  place  slowly,  and,  therefore,  hydrogen 
forms  on  the  cathode  if  a  considerable  current  be  taken  from 
the  cell,  thus  increasing  the  internal  resistance.  In  inter- 
mittent work  this  is  not  objectionable,  as  the  hydrogen  is 
soon  absorbed  when  the  external  circuit  is  opened.  The 
connection  between  the  binding  post  and  the  carbon  in  reli- 
able cells  is  so  made  that  there  is  little  or  no  trouble  from 
corrosion  by  capillary  ascent  of  the  solution.  Corrosion 
may  be  caused  by  carelessly  spilling  the  solution  over  the 
top  and  terminals. 
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Being:  very  cheap  and  of  common  occmrence,  sodium 
chloride  is  sometimes  used.  The  E.  M.  F.  of  a  zinc-sodium 
chloride-carbon  cell  is  about  1.08  volts,  which  is  somewhat 
lower  than  that  obtained  when  ammonium  chloride  is  used. 

It  has  also  been  proposed  to  use  sea-water  as  an  electro- 
lyte, by  placing:  in  the  ocean  immense  plates  of  zinc  and 
copper  or  carbon;  this  has  never  been  commercially  accom- 
plished, for  the  consumption  of  zinc  makes  the  cost  of  the 
electrical  energy  too  great  for  this  method  to  compete  with 
others  now  in  use. 

Various  other  salts  in  solution  have  been  used  as  electro- 
lytes, such  as  ammonium  nitrate,  alum,  potassium  sulphate, 
zinc  sulphate,  zinc  chloride,  potassium  hydrate  (caustic 
potash),  etc.  

CEL.L.8   WITH  A  L.IQUI1>  DEPOIjARIZER 

9.  Nitric  acid,  being  rich  in  available  oxygen,  is  often 
used  as  a  depolarizing  liquid.  Its  use  is  objectionable  from 
the  fact  that,  when  deprived  of  a  part  of  its  oxygen,  it  gives 
off  a  gas,  nitric  oxide,  which,  on  combining  with  the  oxygen 
of  air,  becomes  nitrogen  peroxide,  NO,,  a  very  disagreeable 
and  even  poisonous,  corrosive  gas;  consequently,  good  ven- 
tilation is  essential  where  cells  with  this  depolarizer  are 
used.  The  principal  cells  using  this  depolarizer  are  the 
Grove  and  Bunseriy  and  some  of  their  derivatives. 


GROVE    CELL 

10.  The  usual  form  of  the  Grove  cell  is  shown  in 
Fig.  3.  The  outer  jar  is  rectangular  in  shape  and  contains 
a  U-shaped  positive  element  of  zinc  z,  A  narrow  porous 
cup  d  is  placed  in  the  hollow  formed  by  the  zinc,  and  con- 
tains the  strip  of  platinum  p  (negative  element).  The 
outer  jar  contains  the  dilute  sulphuric-acid  electrolyte 
and  the  porous  cup  is  filled  with  the  nitric-acid  depo- 
larizer. The  E.  M.  F.  of  this  cell  varies  from  1.9  to  2  volts. 
The  chemical  reactions  are  expressed  by  the  equations 
Z?i  -h  H,SO,  =  ZnSO.+  H,  and  //.  +  HNO,  =  //N0,-\-  H,0. 
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Instead  of  the  latter  reaction  the  following  is  just  as  liable 
to  take  place:  ZJ/.+  1HN0,  =  4//,0  +  1N0.    The  escaping 
nitric  oxide,  NO,  combines  with  oxy- 
gen in  the  air,  giving  the  disagree- 
able red,  fuming,  peroxide  of  nitro- 
gen, NO,. 

The  Grove  cell  is  set  up  by  filling 
the  porous  cup  with  strong  nitric  acid 
and  the  glass  jar  with  diluted  sul- 
phuric acid,  about  twenty  parts  of 
water  to  one  of  acid.  When  not  in 
use  the  plates  should  be  removed 
from  the  solutions  and  washed  and 
the  nitric  acid  emptied  out.  Since 
the  internal  resistance  of  this  cell  is 
low  and  the  depolarization  good,  com- 
paratively large  and  constant  currents  may  be  obtained. 
The  zinc  must  be  kept  well  amalgamated  or  the  local  action 
becomes  excessive.  

BUNSBN    CSTX 

11.  The  Grove  cell  is  a  very  old  type,  and  has  been 
made  in  many  forms,  but  the  expensive  platinum  element 
has  led  to  the  adoption  of  the  Bunsen  cell,  in  which  a 
carbon  element  is  substituted  for  the  platinum.  The  Bunsen 
cell  consists  of  a  carbon  rod  and  nitric  acid,  as  a  depo- 
larizer, placed  in  a  round  porous  cup  and  the  zinc  and 
sulphuric  acid  in  the  jar.  With  commercial  nitric  acid, 
specific  gravity  about  1.33,  the  E.  M.  F.  of  the  Bunsen  cell  is 
1,89  volts  ordinarily;  if  pure  nitric  acid,  specific  gravity  1.53, 
be  used,  the  E.  M.  F.  is  increased  to  about  1.96  volts. 
About  .35  volt  is  due  to  the  action  of  the  depolarizer.  The 
chemical  reactions  are  the  same  as  for  the  Grove  cell. 
Variations  in  the  density  of  the  nitric  acid  thus  affect  the 
E.  M.  F.  of  the  cell  only  slightly,  until  the  specific  gravity 
of  the  solution  falls  to  about  1.23;  but  at  a  density  below 
this  the  acid  has  little  or  no  effect  as  a  depolarizer,  although 
the  liquid  still  contains  about  30  per  cent,  of  nitric  acid. 


12  PRIMARY  BATTERIES  §7 

As  the  commercial  acid  is  most  frequently  used  in  the 
cell,  only  a  small  proportion  of  water  is  required  to  dilute 
it  to  a  point  where  it  cannot  be  used.  In  fact,  where  com- 
mercial acid  is  used,  only  about  13  per  cent,  of  the  actual 
amoimt  of  the  pure  acid  in  the  solution  can  be  utilized, 
if  nitric  acid  alone  be  the  depolarizer.  In  cases,  how- 
ever, where  acid  of  1.4  specific  gravity  is  used  a  much 
greater  percentage  can  be  utilized.  The  water  formed 
at  the  cathode  by  the  process  of  depolarization,  there- 
fore, is  disadvantageous  on  account  of  its  dilution  of  the 
depolarizer. 

Several  investigators  have  mixed  sulphuric  acid  with  the 
nitric,  in  various  proportions,  with  good  results.  Sulphuric 
acid  has  a  strong  affinity  for  water,  and  will  combine  with  it 
in  considerable  quantity;  consequently,  the  water  formed  at 
the  cathode  is  absorbed  by  the  sulphuric  acid,  leaving  the 
nitric  acid  at  its  full  strength. 

Variations  in  the  density  of  the  exciting  liquid  also  affect 
the  E.  M.  F.  of  the  cells  to  some  extent,  but  not  so  much 
as  a  variation  in  the  density  of  the  depolarizer.  The  density 
ordinarily  used  is  about  1.09  specific  gravity  (13  per  cent, 
by  weight  of  acid).  At  this  point  the  E.  M.  F.  due  to  the 
action  of  the  exciting  liquid  on  the  zinc  is  about  1.53  volts. 
As  the  action  of  pure  water  alone  on  zinc  will  give  an 
E.  M.  F.  of  about  .9  volt,  variations  of  the  density  of  the 
exciting  liquid  from  13  per  cent,  (by  weight)  of  acid  down 
to  pure  water  will  reduce  the  E.  M.  F.  about  .6  volt. 
Increasing  the  density  of  the  liquid  to  about  1.23  gives  a 
maximum  E.  M.  F.  (due  to  the  action  of  the  acid  on  the 
zinc  only)  of  about  1.6  volts;  any  further  increase  in  the 
density  does  not  increase  the  E.  M.  F.  appreciably.  To 
obtain  the  E.  M.  F.  of  the  cell,  to  the  above  figures  should 
be  added  the  E.  M.  F.  due  to  the  action  of  the  depolarizer, 
about  .35  volt.  It  is  somewhat  difficult  to  maintain  sul- 
phuric acid,  which  has  free  access  to  the  air,  at  a  density 
much  above  about  1.10  on  account  of  the  absorption  of 
water  from  the  air  by  the  acid;  therefore,  acid  of  about  this 
density  is  ordinarily  used. 
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The  proportions  of  the  two  acids  »  the  cells  are  about 
three  of  electrolyte  to  one  of  depolarizer,  the  depolarizer 
being  of  a  specific  gravity  of  about  1.33  to  1.4;  with  these 
proportions  the  cell  will  maintain  its  E.  M.  F.  (within  about 
10  per  cent.)  for  several  days  on  a  closed  circuit.  The 
average  internal  resistance  of  a  quart  size  cell  (as  ordinarily 
constructed)  is  about  1  ohm.  Such  a  cell  will  give  about 
1.25  amperes  continuously  until  some  material  is  exhausted. 

12,  Many  modifications  of  the  Grove  and  Bunsen  cells 
have  been  made,  some  consisting  merely  in  changes  in  the 
mechanical  arrangement  of  the  parts,  others  substituting 
various  depolarizers,  exciting  liquids,  or  elements.  For 
example,  a  carbon  cup  fitted  with  a  tight  cover  has  been 
used  as  cathode.  When  this  is  filled  with  nitric  acid,  the 
gas  given  off  by  the  acid  produces  a  pressure  inside  the  cup 
that  forces  the  acid  through  the  pores  of  the  carbon  to  the 
surface,  where  its  depolarizing  action  takes  place.  This 
suppresses  a  part  of  the  disagreeable  fumes  of  the  acid.  To 
accomplish  this  same  result,  it  has  been  proposed  to  cover 
the  cell  with  an  inverted  vessel  containing  scrap  tin,  which 
will  absorb  the  fumes.  A  layer  of  turpentine  floating  on 
the  acid  will  prevent  a  large  part  of  the  fumes  from  being 
given  off,  as  they  combine  with  the  turpentine.  Where  as 
large  a  current  as  this  cell  will  give  when  nitric  acid  only  is 
used  as  a  depolarizer  is  not  required,  the  following  non- 
fuming  solution  may  be  used,  all  parts  being  taken  by 
weight:  Nitric  acid  (density  1.42),  one  part;  chromic  acid, 
three  parts;  sulphuric  acid,  six  parts;  water,  five  parts. 

In  the  Bunsen  cell  it  is  difficult  to  maintain  a  good  contact 
between  the  carbon  and  the  terminal  binding  post. 


ZrNC-SUL«PnURIC    and    nitric    acid-iron    CEIiL. 

13,  When  iron  is  placed  in  strong  nitric  acid  it  is  not 
attacked,  although  this  acid  is  a  powerful  oxidizing  agent;  iron 
in  this  condition  is  said  to  be  in  the  passive  state.  When, 
however,  the  acid  is  diluted  to  a  specific  gravity  of  about 
1.20,  or  lower,  the  iron  is  strongly  attacked.     Consequently, 
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with  a  strong  solution  of  nitric  acid  as  a  depolarizer,  iron 
(usually  cast  iron)  may  replace  the  carbon  element  of  the 
Bunsen  cell,  with  good  results,  the  E.  M.  F.  being  about 
1.7  volts.  Care  must  be  taken,  however,  that  the  density  of 
the  depolarizer  does  not  fall  too  low,  or  the  negative  element 
will  be  consumed.  In  fact,  a  cell  of  this  class  may  be  con- 
structed with  only  iron  and  nitric  acid  as  elements,  in  the 
following  order:  Iron  (anode) -dilute  nitric  acid-porous  cui>- 
strong  nitric  acid-iron  (cathode).  If  carbon  is  substituted 
for  this  iron  cathode,  we  have  the  Makhecell,  whose  E.  M.  F. 
is  1.5  volts;  this  cell  gives  a  more  constant  current  and  less 
corrosive  fumes  than  the  Bunsen  cell. 

The  E.  M.  F.  of  the  zinc-sulphuric  and  nitric  acid-iron  cell 
is  really  generated  in  two  parts:  one  at  the  surface  of  the 
anode,  due  to  the  action  of  the  electrolyte  (sulphuric  acid)  on 
the  anode,  and  the  other  at  or  near  the  cathode,  due  to  the 
action  of  the  depolarizing  liquid  (nitric  acid)  on  the  hydrogen 
evolved.  Varying  the  material  of  the  anode  or  of  the  elec- 
trolyte will  then  affect  that  part  of  the  E.  M.  F.,  and  varying 
the  depolarizer  will  affect  the  E.  M.  F.  produced  at  the 
cathode.  

BICHBOMATE  CEIXS 


BICHBOMATE    DEPOLARIZER 

14.  Another  important  depolarizer  used  in  cells  having  a 
liquid  depolarizer  consists  of  a  mixture  of  potassium  bichro- 
mate and  sulphuric  acid.  Sodium  bichromate,  or  chromic  acid, 
may  be  used  in  place  of  the  potassium  salt.  Bichromate  salts 
are  derived  from  the  oxide  of  chromium,  having  the  formula 
CrOiy  technically  known  as  chromic  acid.  This  oxide  when 
dissolved  in  water  combines  with  a  part  of  the  water  forming 
the  true  chromic  acid,  H^CrOXCrO^  -h  H^O  =  H^CrO^, 
This  acid  forms  a  series  of  salts  called  chromates  and  a 
second  series  called  bichromates.  Potassium  chromate  has 
the  formula  K^CrO^  and  potassium  bichromate  has  the 
formula  K^Cr^O^.  Bichromate  salts  have  a  large  proportion 
of  available  oxygen  and  so  are  good  depolarizers. 
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The  chemical  reactions  in  bichromate  cells  are  rather 
complicated  but  are  about  as  follows:  At  the  anode, 
Zn  -h  H^SO^  =  ZnSO^^-  //.;  at  the  cathode,  K^CuO,^-  AH,SO, 
=  K^SO,  -h  Cr.{SO,)^  +  ^H.O  +  36>.  The  hydrogen  of  the 
first  equation  passes  over  to  the  cathode  and  there  com- 
bines with  the  oxygen  liberated  in  the  second  equation.  It 
is  obvious  that  three  atoms  of  zinc  must  be  dissolved  to 
liberate  enough  hydrogen  to  combine  .with  all  the  oxygen 
liberated  by  the  reaction  of  one  molecule  of  potassium  bichro- 
mate. Representing  both  the  anode  and  the  cathode  reactions 
in    one    equation,    we    have    ZZn  -|-  7//,S0^  +  K^Cr^O^  = 

The  potassium  sulphate  and  chromium  sulphate  combine 
to  form  a  double  salt  called  chrome  altim,  KnSO^'+  Cr.C^O*), 
=  2KCr(S0^)t,  Chrome  alum  is  not  very  soluble  in  water 
and  so,  as  the  reactions  in  the  cell  proceed,  the  double  salt 
separates  out  in  the  form  of  crystals  of  a  purplish  color; 
these  are  apt  to  give  trouble  by  adhering  to  the  electrodes 
and  to  the  porous  cup  (if  one  is  used),  thus  causing  an 
increase  in  the  resistance  of  the  cell.  The  crystals  adhere 
firmly,  and  not  being  very  soluble  in  water  are  difficult  to 
remove. 

When  sodium  bichromate  is  used  the  double  salt  formed 
has  the  formula  NaCr^SO^)^',  this  salt  is  much  more  soluble 
in  water  than  the  corresponding  potassium  salt  and  does  not 
give  the  trouble  due  to  the  formation  of  crystals,  and  hence 
is  considered  much  preferable  to  potassium  bichromate.  If 
the  sodium  bichromate  does  not  cost  over  10  per  cent,  more 
than  the  potassium  bichromate,  it  is  the  cheaper  to  use; 
because,  for  equal  depolarizing  capacity,  about  11  per  cent, 
(by  weight)  less  of  sodium  bichromate  is  required. 

If  chromic  acid  is  used  in  place  of  bichromate  salts,  no 
alum  is  formed.  The  chromium  sulphate  formed  is  very 
soluble  in  water.  Both  sodium  bichromate  and  chromic 
acid  give  better  results  than  potassium  bichromate.  It  is 
claimed  that  the  chromic  acid  is  better  than  either  of  the 
bichromate  salts.  Its  cost  is  a  little  greater,  but  its  effi- 
ciency is  enough  greater  to  usually  make  up  the  difference 

43—24 
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in  cost.  Both  chromic  acid  and  sodium  bichromate  are 
readily  soluble  in  water,  while  potassium  bichromate  requires 
heat  to  get  a  strong  solution.  This  requires  time  and 
trouble  and  thus  furnishes  another  reason  for  the  preferred 
use  of  the  acid  or  the  sodium  salt  in  bichromate  cells. 


GBENET    CELL 

15.     A  familiar  type  of  bichromate  cell  is  the  Grenet 
cell,  shown  in  Fig.  4,  which  consists  of  a  bottle-shaped  glass 
jar  with  a  hard-rubber  or  porcelain  cover.     From  this  cover, 
two  flat  carbon  plates  C,  C  are  suspended,  parallel  to  and  a 
short  distance  from  each  other;  between  them  hangs  a  zinc 
plate  Z  supported  by  a  sliding  rod  R,  which  may  be  drawn 
up,  when  the  cell  is  not  in  use,  until  the 
zinc  is  entirely  out  of  the  liquid,  so  that 
local  action  may  be  prevented.     It  is 
held  in  any  position  by  the  thumbscrew 
T.     On  the  top  of  the  brass  rod  is  a 
binding  post  5,,  the  other  terminal  o£ 
the  cell  being  the  binding  post  B,  which 
is  connected  to  the  two  carbon  plates. 
16.     The  electrolyte  for  bichro- 
mate cells  may  be  made  of  three  parts 
of  potassium  bichromate,  dissolved  in 
eighteen   parts   of   water,   to  which   is 
slowly   added   four  parts   of   sulphuric 
acid,  all  parts  by  weight.     The  E.  M.  F. 
is  1.9  to  2.1  volti     At  ordinary  tem- 
peratures, variations  in  the  proportion 
of  bichromate  in  the  solution,  within  moderate  limits,  do  not 
change  the  E.  M.  F.  or  the  internal  resistance  very  much. 
Variations  in  temperature  change  the  internal  resistance,  but 
not  the  E.  M.  P.,  the  internal  resistance  decreasing  as  the 
temperature  increases.     With  the  above  proportion  of  sul- 
phuric acid  and  potassium  bichromate  in  the  solution,  the 
sulphuric   acid    is    first   exhausted.     Theoretically,    for   an 
equal  life  of  both  substances  in  the  electrolyte,  the  correct 
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proportions  should  be  seven  parts,  by  weight,  of  I/,SO^,  to 
three  parts  of  A'.CV.Or,  which  proportion  is  often  used.  In 
fact,  however,  it  is  more  necessary  to  keep  up  the  strength 
of  the  depolarizer,  that  is,  the  bichromate,  so  the  first  pro- 
portion will  give  better  results. 

If  sodium  bichromate  is  used  in  place  of  potassium  bichro- 
mate, the  percentage  of  salt  and  acid  may  remain  about  the 
same.  The  sodium  salt  is  more  soluble  and  hence  a  denser 
solution  can  be  used,  therefore  replenishing  is  required  less 
frequently.  Crystals  of-  the  double  sulphates  of  sodium  and 
chromium  do  not  form  as  with  the  bichromate  solution; 
thus,  the  cells  are  more  easily  cleaned.  Furthermore, 
sodium  bichromate  nxay  be  dissolved  in  cold  water  to  form 
any  density  desired,  which  cannot  be  done  with  potassium 
bichromate.  To  make  the  solution  for  a  battery,  it  i^  only 
necessary  to  place  powdered  sodium  bichromate  in  the  water 
and  immediately  add  slowly  the  sulphuric  acid.  The  mixture 
is  ready  for  use  as  soon  as  it  has  cooled. 

The  battery  solution,  using  chromic  acid,  is  made  by 
pouring  5a  pints  of  water  upon  6  ounces  of  chromic  acid  and 
then  adding  slowly  i  pint  of  concentrated  sulphuric  acid, 
stirring  constantly.  Since  about  one-third  less  of  chromic 
acid  than  of  potassium  bichromate  is  required,  the  cost  of 
either  as  a  depolarizer  is  about  the  same  when  the  relative 
prices  of  chromic  acid  and  potassium  bichromate  are 
19  and  12  cents  per  pound,  respectively. 

17.  Electropolon  Fluid- — Bichromate  mixtures  are 
frequently  sold  by  dealers  in  battery  material  under  the  name 
electropolon  fluid;  one  of  these  mixtures  is  prepared  as 
follows:  Two  parts,  by  weight,  of  sulphuric  acid  is  mixed 
with  four  parts  of  water;  in  another  vessel,  one  part  of 
potassium  bichromate  is  dissolved  in  three  parts  of  boiling 
water;  when  cool,  the  two  solutions  are  mixed  together. 
This  liquid,  when  diluted  by  not  over  five  parts  more  of 
water,  is  suitable  for  use  in  most  bichromate  cells. 

18.  Plunjjre  Batteries. — Cells  of  the  bichromate  type 
are  often  arranged  to  form  what  is  called,  in  the  United 
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States,  a  plnnge  battery,  and  in  Europe,  Poggendortf's 

battery-  Such  a  battery  does  not  differ  in  principle  or 
material  from  the  Grenet  cell,  but  it  usually  consists  of  sev- 
eral cells  connected  in  series  so  as  to  give  an  E.  M.  F.  of  6  to 
10  or  more  volts.  All  the  elements  being  suspended  from  a 
wooden  cross-bar,  may  be  simultaneously  raised  out  of,  or 
lowered  into,  the  liquid  by  a  lever  or  windlass  arrangement, 
as  shown  in  Fig,  5,  which  represents  a  battery  of  five  cells. 
The  elements  are  of  zinc  and  carbon,  there  being  three  plates 
of  zinc  Z  and  four  of  carbon  C  in  each  cell.     The  elements 


Fig.  5 
should  be  raised  from  the  liquid  contained  in  the  jars -/when 
the  cells  aie  not  in  use.  Each  cell  is  provided  with  two 
binding  posts  B,  B,  one  of  which  is  connected  to  all  the 
carbon  and  the  other  to  all  the  zinc  plates  in  the  same  cell. 
The  various  cells  may  then  be  used  separately,  or  connected 
together  in  parallel  or  in  series  as  desired. 

By  an  ingenious  arrangement  of  bichromate  cells  for 
cautery  work,  due  to  Chardin,  the  elements  are  normally 
held  out  of  the  liquid  by  a  spring;  by  pressing  a  foot-lever 
they  may  be  gradually  lowered  into  the  liquid.     When  just 
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the  ends  of  the  elements  are  in  the  liquid,  the  internal  resist- 
ance of  the  battery  is  considerable;  but  as  the  elements  are 
lowered,  and  thus  made  to  dip  farther  into  the  electrolyte, 
this  resistance  decreases  rapidly.  This  arrangement  pro- 
vides a  sensitive  and  easily  managed  method  of  control  of 
the  output  of  the  battery. 

19.  Care  of  Bichromate  Cells. — As  a  rule  the  electro- 
lyte needs  renewing  when  its  color  is  a  dark  green.  Should 
the  color  of  the  electrolyte  be  orange,  and  the  cell  yet 
show  some  weakening  in  its  action,  the  addition  of  some 
sulphuric  acid  may  improve  it.  If  the  bichromate  cells  are 
used  daily,  the  electrolyte  will  need  renewing  in  from  3  to 
6  weeks.  The  elements  should  be  removed  and  suspended 
in  a  jar  with  cold  water  in  which  about  a  tablespoonful  of 
salt  has  been  dissolved.  Most  of  the  impurities  in  the  car- 
bon will  have  been  dissolved  when  the  water  has  assumed 
a  greenish  hue.  After  a  thorough  soaking,  the  elements  are 
rinsed  off  in  cold  water  and  thoroughly  dried  with  a  rag. 
They  are  then  ready  to  be  replaced  in  the  battery.  The 
importance  of  lifting  the  zincs  out  of  the  electrolyte  when 
not  in  use  should  not  be  forgotten. 

Trouble  with  bichromate  plunge  batteries  is  sometimes 
due  to  poor  contact  between  the  carbon  and  its  metal  termi- 
nal. In  such  cases  the  flat  surfaces  of  the  metal  against 
which  the  carbon  rests  appear  to  make  no  connections. 
Good,  clean,  and  firm  contact  should  be  made  between  the 
metal  and  the  carbon,  and  to  preserve  this  condition  when 
once  made,  by  excluding  the  battery  solution  from  the  joints, 
paint  the  whole,  extending  down  the  carbons  about  1  inch, 
with  a  good  insulating  paint.  Many  carbons,  when  they 
have  been  in  the  solution  awhile,  have  a  tendency  to  crack 
or  split  at  the  connections  and  if  not  stopped  the  crack  will 
extend,  in  the  course  of  a  little  time,  through  the  carbon. 
The  insulating  paint  put  on  the  joint  as  above  directed  seems 
to  entirely  prevent  this  cracking. 

20.  Amalg^amation. — In  many  types  of  cells,  including 
the  bichromate,  local  action  may  be  very  much  reduced  and 
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in  some  cases  practically  prevented  by  submitting  the  zinc 
to  a  process  called  amalgamation.  By  this  means  the  iron 
and  other  impurities  are  separated  from  the  zinc  and  made 
harmless.  To  amalgamate  the  zinc,  it  is  first  dipped  in  dilute 
sulphuric  acid  to  clean  the  surface;  then  a  little  mercury  is 
poured  over  it  and  rubbed  into  the  surface  with  a  rag  or  a 
piece  of  galvanized  iron.  When  finished  the  surface  should 
be  as  bright  as  silver.  Another  way  to  amalgamate  zinc  is 
to  immerse  it  in  an  acid  solution  of  mercuric  nitrate.  A  small 
portion  of  the  zinc  is  changed  to  zinc  nitrate  and  liberates 
mercury,  which  combines  with  the  remaining  zinc;  the  result 
by  either  method,  is  that  the  whole  of  the  zinc  is  covered 
with  a  pasty  amalgam. 

Where  it  is  necessary  to  frequently  amalgamate  a  large 
number  of  zincs  the  following  solution  may  be  used:  Mix 
1  pound  of  nitric  acid  with  2  pounds  of  hydrochloric  acid,  and 
add  8  oimces  of  mercury;  when  the  mercury  is  dissolved,  add 
3  pounds  more  of  hydrochloric  acid.  To  amalgamate  the 
zinc,  immerse  it  in  this  solution,  for  1  or  2  seconds,  then 
remove  it  quickly  to  a  dish  of  clean  water,  and  rub  it  with  a 
brush  or  cloth,  when  it  will  be  found  to  be  covered  with 
a  fine,  even  coat  of  mercury.  This  solution  can  be  kept  in  a 
covered  jar  and  used  many  times. 

It  is  a  peculiarity  of  the  amalgam  that  it  does  not  leave 
the  zinc  when  the  latter  dissolves,  but  immediately  attaches 
itself  to  fresh  portions  of  the  zinc  plate.  The  surface  will 
therefore  appear  bright  and  clean  for  a  very  long  time.  The 
theory  of  the  protection  afforded  zinc  by  its  amalgamation  has 
been  given  in  a  previous  Section.  Another,  and  very  effect- 
ive, method  of  amalgamating  zinc  will  be  described  in 
connection  with  the  Harrison  cell. 

21.  The  bichromate  cells  so  far  described  have  the 
depolarizer  mixed  with  the  electrolyte,  thus  making  them 
sluKlc-fluld  cells.  In  these  bichromate  cells  the  local 
action  on  open  circuit  is  apt  to  be  excessive,  hence  the  use 
of  arrangements  by  which  the  zinc  can  be  lifted  from  the 
electrolyte  when  the  cell  is  not  in  use.     Bichromate  cells  in 
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which  the  depolarizer  is  separated  from  the  electrolyte  by  a 
porous  partition  or  by  the  difference  in  gravity  between  the 
two  hquids,  are  the  same  in  principle  as  those  just  described. 
Cells  using  liquid  depolarizers  separated  from  the  electro- 
lyte are  sometimes  called  tw^o-fluid  cells. 


FULLER    CELL 

22.     The  Fuller  bichromate  cell,  one  form  of  which  is 
represented  in  Fig,  6,  is  a  very  excellent  two-fluid  cell,  being 
economical  in  operation.     It  consists  of  a  glass  jar  containing 
the  depolarizer  (electropoion  fluid  diluted  about  one-half), 
into  which  is  hung  the  carbon  cathode  C.     In  the  center  of 
the  jar  is  placed  the  porous  cup  P,  into  which  is  poured  a 
little  mercury,  and  the  zinc, 
which  is  in  the  form  of  a  rod 
or  wire    W,  with   a  conical 
lump  Z  cast   on   the   end, 
placed  in  position.   The  mer- 
cury serves  to  keep  the  zinc 
well  amalgamated.    The  ex- 
citing liquid  is  either  very 
dilute   sulphuric   acid,   or, 
more  commonly,  pure  water. 
The  E.  M.  F.  is  2.14  volts, 
and  the   internal   resistance 
{of  the  type  shown  in  Fig.  6) 
usually  about  1  ohm,  depend- 
ing, however,  on  the  thick- 
ness  and    character   of   the 
porous  cup.     There  is  very 
little  local  action  in  this  cell  ^^^  ^ 

when  on  open  circuit  and  it 
'  does  not  polarize  when  in  use,  provided  the  current  taken 
from  it  is  not  excessive.  Although  not  really  necessary,  it 
is  better  to  keep  the  porous  cup,  when  not  in  use,  in  water 
in  order  to  prevent  disintegration  of  the  cup  due  to  the 
formation  of  crystals  in  its  pores.     To  aid  in  preventing 
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the  diffusion  of  the  two  solutions,  their  surfaces  should  be 
on  the  same  level  in  both  the  porous  cup  and  glass  jar. 

This  type  of  cell  is  largely  used  for  telegraphic  purposes 
in  England,  where  it  lasts,  when  not  overworked,  1  year, 
the  acid  being  renewed  about  ten  times  and  the  depolarizer 
five  times.  At  the  end  of  the  year  the  cells  are  cleaned  out 
and  set  up  with  new  zincs  and  fresh  solutions.  It  is  not  used 
in  the  United  States  on  regular  telegraph  lines,  but  has  been 
used  quite  extensively  in  telephone  systems.  For  this  pur- 
pose the  cell  has  the  disadvantage  of  being  very  unpleasant 
to  handle,  on  account  of  the  nature  of  the  solution,  and  the 
fact  that  it  produces  very  serious  damage  to  whatever  it 
happens  to  be  spilled  on.  It  has  the  advantage,  however,  of 
being  able  to  produce  a  high  and  constant  E.  M.  F.  (2  volts), 
which  it  maintains  for  a  considerable  period  when  supplying 
as  large  a  current  as  .6  ampere. 

23.  The  cell  used  by  The  American  Bell  Telephone 
Company  is  termed  the  standard  Fuller  cell,  and  is  the 
same  as  that  shown  in  Fig.  6.  In  setting  up  this  cell  the 
following  solution  is  generally  used:  Sodium  bichromate, 
6  ounces;  sulphuric  acid,  17  ounces;  soft  water,  66  ounces. 
If  bichromate  of  sodium  is  not  obtainable,  bichromate  of 
potassium  may  be  substituted  for  it  in  equal  quantities. 

In  mixing  bichromate  solutions  great  care  should  be 
taken  to  pour  the  sulphuric  acid  into  the  water  very  slowly. 
If  the  operation  is  reversed,  the  sudden  formation  of  steam, 
due  to  the  heat  generated  by  the  union  between  the  acid 
and  the  water,  is  very  likely  to  cause  an  explosion,  throw- 
ing acid  in  all  directions,  and  frequently  doing  much 
damage.  It  is  well,  also,  to  mix  the  solution  in  an  earthen- 
ware jar,  or,  if  it  be  mixed  in  the  glass  battery  jar,  the 
latter  should  be  previously  placed  in  a  vessel  containing 
cold  water,  in  order  to  prevent  the  great  heat  produced 
from  cracking  the  jar.  After  having  mixed  the  solution,  the 
jar  should  be  a  little  less  than  half  filled  with  it,  and  the 
porous  cup  put  in  place.  In  the  bottom  of  the  porous  cup 
should  be  placed  about  a  teaspoonful  of  mercury,  after  which 
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the  zinc  electrode  is  put  in  place  and  the  porous  cup  filled 
with  water.  A  tablespoonful  of  common  salt  (3  ounces 
to  a  pint  of  water),  or  zinc  sulphate  (6  ounces  to  a  pint 
of  water) ,  added  to  the  water  in  the  porous  cup,  will  hasten 
the  action  and  does  not  seem  to  have  any  bad  effect  what- 
ever on  the  cell.  

PARTZ    CEI.I. 

24.     Bichromate  cells  are  often  constructed  in  which  the 
liquids  employed  have  such  a  difference   in  their   specific 
gravities  that  they  may  be  placed  one  over  the  other  in  the 
cell,  no  porous  partition  being  required  to  keep  them  from 
mixing      The  Partz  coll,  one  form  of  which  is  illustrated 
in    Fig    7.  is   an  example. 
This  cell  is  a  bichromate 
cell,  which  uses  a  solution 
of  sodium  chloride,  or  of 
magnesium  sulphate,  as  an 
electrolyte,  surrounding 
the  zinc  Z,  and  a  bichro- 
mate   solution  as  a   depo- 
larizer,   surrounding    the 
carbon  cathode  C.    The  de- 
polarizer, having  a  higher 
specific    gravity   than    the 
electrolyte,  remains  at  the 
bottom    of    the   jar,    and 
the   two   liquids  are  kept 
separate.    As  the  depolar- 
izer is  weakened  by  use,  -, 
it   is   from    time    to   time  - 
strengthened  by  the  intro- 
duction of  crystals  in  the 

glass  tube  T,  which  is  suspended  in  the  cell,  having  a  small 
opening  below  the  normal  level  of  the  bichromate  solution. 
The  crystals  used  are  what  the  manufacturers  call  sulpho- 
ckronik  salt,  which  is  formed  by  the  action  of  sulphuric 
acid  on  potassium  bichromate,  and  when  dissolved  in  water 
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gives  the  same  results  as  the  electropoion  fluid  previously 
mentioned. 

The  cell  shown,  which  employs  a  jar  6  inches  by  8  inches, 
has  an  internal  resistance  of  about  1  ohm  with  a  solution 
of  magnesium  sulphate,  and  about  .5  ohm  with  a  solution  of 
sodium  chloride,  the  E.  M.  F.  being  the  same,  1.9  to  2 
volts,  in  either  case.  This  cell  is  good  for  either  open-  or 
closed-circuit  work,  as  the  depolarization  is  very  complete; 
at  the  same  time,  the  local  action  on  open  circuit  is  almost 
imperceptible.  The  chrome-alum  solution  that  forms,  being 
heavier  than  the  bichromate  solution,  descends  to  the 
lower  part  of  the  cell,  so  that  the  crystals  form  beneath  the 
carbon  plate,  which  is  slightly  raised  from  the  bottom  of 
the  jar;  consequently,  the  formation  of  these  crystals  does 
not  appreciably  increase  the  internal  resistance  of  the  cell. 

25.  Many  of  the  nitrate  and  sulphate  salts  have  been 
used  as  depolarizing  liquids,  and  with  a  variety  of  electro- 
lytes, generally  acids;  but  the  principal  type  of  this  class  of 
cell,  other  than  the  Bunsen  and  the  bichromate,  is  the  type 
that  employs  as  an  electrolyte  a  salt  of  the  metal  of  the 
anode,  and  as  a  depolarizer  a  salt  of  the  metal  of  the  cathode. 
The  depolarizer  is  usually  a  salt  formed  by  the  same  acid 
that  formed  the  electrolyte  salt;  that  is,  if  the  electrolyte  be 
a  sulphate,  the  depolarizer  is  also  a  sulphate.  In  this  case 
the  action  is  about  as  follows:  The  SO^  radicals  attack  the 
anode  forming  the  sulphate  of  that  metal;  hydrogen  decom- 
poses the  sulphate  depolarizer,  forming  sulphuric  acid  and 
liberating  the  metal.  The  SO^  of  the  sulphuric  acid  thus 
formed,  combines  with  the  anode;  the  hydrogen  reduces 
the  depolarizer,  liberating  the  metal  and  forming  more 
sulphuric  acid,  and  so  the  action  continues.  The  electrolyte, 
therefore,  is  continually  added  to,  while  the  depolarizer  is 
continually  reduced. 

Neglecting  the  intermediate  reactions,  which  generally  do 
not  affect  the  E.  M.  F.,  it  is  evident  that  the  E.  M.  F.  of  this 
type  of  cell  is  due  to  the  energy  given  up  by  the  formation 
of  the  salt  of  which  the  electrolyte  is  composed,  less  the 
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energy  required  to  decompose  the  salt  of  which  the  depolar- 
izer is  composed.  Now,  whatever  may  be  the  actual  energy 
of  the  formation  of  the  various  salts,  the  difference  between 
the  energies  of  formation  of  the  same  salts  of  any  two 
metals  is  the  same,  whatever  the  particular  salt  may  be;  for 
example,  the  difference  between  the  heat  formation  of  zinc 
sulphate  and  that  of  copper  sulphate  is  the  same  as  the 
difference  between  the  heats  of  formation  of  zinc  nitrate  and 
copper  nitrate. 

For  commercial  use,  the  same  considerations  apply  as  to 
the  other  classes;  that  is,  the  materials  used  in  the  cell  must 
be  easily  and  cheaply  obtained,  even  if  they  do  not  result  in 
the  highest  possible  E.  M.  F.  The  cells  that  best  realize  this 
condition  are  the  Daniell  cell  and  its  derivatives. 


BANISLIi    CELL 

26.  The  Daniell  cell  uses  for  the  anode,  zinc;  for  the 
electrolyte,  a  solution  (usually)  of  zinc  sulphate,  ZfiSO^;  for 
the  cathode,  copper;  and  for  the  depolarizer,  a  solution  of 
copper  sulphate,  CuSO^.  Sometimes  in  setting  up  the  cell, 
dilute  sulphuric  acid  is  used  instead  of  the  zinc  sulphate,  but 
this  soon  forms  a  solution  of  zinc  sulphate;  hence,  the  result 
is  the  same  as  if  the  zinc  sulphate  were  used  originally. 
The  E.  M.  F.  of  the  Daniell  cell  is  given  several  values  by 
different  investigators,  ranging  from  1.059  to  1.079  volts. 
The  original  form  of  the  Daniell  cell  consisted  of  a  glass  jar, 
into  which  the  zinc,  in  the  form  of  a  cylinder,  was  placed. 
Inside  the  zinc  was  a  porous  cup  containing  the  cathode,  a 
strip  of  sheet  copper.  The  porous  cup  was  filled  with  the 
CuSO^  solution  and  the  outer  jar  with  the  ZnSO^  solution. 

To  prevent  the  gradual  weakening  of  the  depolarizer,  it  is 
usual  to  put  a  considerable  amount  of  copper-sulphate  crystals 
(commonly  known  as  blue  vitriol  or  bluestone)  into  the  porous 
cup.  As  the  liquid  weakens,  the  crystals  are  gradually  dis- 
solved. Several  modifications  of  the  form  of  the  original 
Daniell  cell  are  in  use,  some  of  them  designed  to  keep  up  the 
supply  of  copper  sulphate  as  it  is  used. 
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The  specific  gfravity,  at  ordinary  temperature,  of  a  satu- 
rated solution  of  ZnSO^  is  about  1.44,  while  that  of  a  saturated 
solution  of  CuSO^  is  about  1.20;  hence,  if  saturated  solutions 
of  these  salts  are  used,  the  zinc-sulphate  solution  will  be 
considerably  heavier  than  the  other;  it  has  been  found,  how- 
ever, that  the  best  results  are  obtained  from  a  saturated 
solution  of  -copper  sulphate,  used  with  a  solution  of  zinc 
sulphate  diluted  to  have  a  specific  gravity  of  about  1.10. 
The  considerable  difference  in  weight  between  the  two  solu- 
tions has  led  to  their  arrangement,  one  over  the  other,  in  the 
cell,  the  heavier  copper  sulphate  being  at  the  bottom. 
Daniell  cells  that  depend  on  the  difference  of  the  specific 
gravities  of  the  two  liquids  to  keep  them  apart,  are  called 
gravity  Daniell  cells,  or  simply  gravity  cells.  They  are  very 
extensively  used  for  telegraph  and  fire-alarm  work  in  the 
United  States.  As  long  as  a  current  is  flowing  through 
the  cell,  the  chemical  action  keeps  the  boundary  line  of  the 
two  liquids  sharply  defined;  but  when  the  current  ceases  to 
flow,  the  solutions  gradually  mix,  and  the  copper  sulphate, 
coming  in  contact  with  the  zinc  anode,  sets  up  local  actions, 
which  cause  a  deposit  of  copper  (appearing  as  a  finely 
divided  black  coating)  on  the  zinc,  and  a  consumption  of  the 
zinc  itself.  To  prevent  this  action,  these  cells  should  be  used 
only  on  a  circuit  that  is  closed  nearly  all  the  time,  which  is 
the  case  on  the  telegraph  and  fire-alarm  lines. 


CROWFOOT    CELIi 

27.  The  form  of  gravity  Daniell  cell  most  used  in  the 
United  States  is  the  familiar  crovrfoot  cell,  illustrated  in 
Fig.  8,  where  Z  is  the  zinc,  from  the  shape  of  which  the  cell 
gets  its  name;  C  is  the  copper,  which  is  connected  to  the 
external  circuit  by  the  wire  IVy  which  is  insulated  where  it 
passes  through  the  liquid.  When  the  cell  is  set  up  the 
copper  cathode  is  surrounded  with  copper-sulphate  crystals. 
The  standard  form  of  this  cell  is  of  the  following  dimen- 
sions: The  jar  is  6  inches  in  diameter  and  8  inches  high. 
The  copper  element  is  made  from  three  pieces  of  thin  sheet 
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copper  2  inches  wide  and  6  inches  long  riveted  together  in 
the  middle;  the  outside  pieces  are  then  spread  out,  forming  a 
six-pointed  star.  To  the  middle  strip  is  riveted  a  piece  of 
No.  16  insulated  copper  wire.  The  zinc  usually  has  the  shape 
shown  in  the  illustration,  and  weighs  3  pounds.  Many  other 
forms  of  zincs  are  used  more  or  less.  The  cell  furnishes  a 
working  E.  M.  F.  of  1  volt.  For  continuous  working  the  most 
economical  current  output  is  about  i  ampere.  Its  internal 
resistance  varies  considerably,  depending  on  its  condition, 
but  3  ohms  may  be 
taken  as  an  average 
value. 

Minotio's  cell  is  a 
modification  of  the 
Daniell  gravity  cell. 
The  copper  plate  is 
placed  at  the  bottom 
of  a  glass  jar,  over  it 
a  layer  of  copper  sul- 
phate crystals,  then  a 
disk  of  cloth  or  can- 
vas, then  a  layer  of 
sawdust  or  sand,  then 
another  disk  of  cloth, 
on  which  rests  the 
zinc  element.  The  jar 
is  filled  with  enough 
zinc- sulphate  solution 

to  cover  the  zinc.   As  ^^-  * 

it  will  require  some  time  for  the  materials  to  become  satu- 
rated, it  is  necessary  to  moisten  the  sawdust  with  the  zinc- 
sulphate  solution  before  placing  it  in  the  cell,  if  it  is  to  be 
used  immediately.  A  lead  vessel  is  sometimes  used  in 
place  of  a  glass  jar.  The  sawdust  acts  as  a  sort  of  porous 
partition  to  assist  in  keeping  the  copper  and  zinc  sulphates 
separate.  The  reactions  in  this  cell  are  exactly  the  same 
as  in  the  Daniell  gravity  cell.  This  cell  has  a  very  high 
internal  resistance,  usually  from  11  to  19  ohms.     However, 
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it  is  simple  in  construction  and  requires  no  more  attention 
than  the  ordinary  crowfoot  gravity  cell.  It  is  used  in  some 
countries  for  telegraph  and  signal  circuits. 

28.  Directions  for  setting:  up  the  cro'wtoot  grraTity 
cell  are  as  follows:  Unfold  the  copper  strip  so  as  to  form 
a  star  and  place  it  in  the  bottom  of  the  jar.  The  point 
where  the  copper  connecting  wire  is  riveted  to  the  copper 
electrode  should  be  near  the  bottom  of  the  cell,  and  the 
insulated  covering  on  the  wire  should  come  close  to  the 
riveted  joint.  Suspend  the  zinc  about  4  inches  above 
the  copper  by  hooking  the  trip,  or  lug,  on  the  side  of  the  jar. 
The  lug  has  a  hole  in  it  to  receive  a  connecting  wire.  The 
method  of  suspending  other  forms  of  zincs  will  be  evident 
from  their  construction.  Pour  sufficient  clean  water  into 
the  jar  to  cover  the  zinc  and  drop  in  the  copper  sulphate  in 
small  lumps.  About  3  pounds  is  the  proper  amount  to  put 
in  a  cell  to  be  used  for  heavy,  continuous  w^ork,  for  instance, 
for  the  local-circuit  batteries  that  run  telegraph  sounders; 
for  the  batteries  in  a  main-line  telegraph  circuit,  a  smaller 
charge  will  be  sufficient,  and,  in  quadruplex  telegraph  cir- 
cuits, the  so-called  **long*'  end  of  the  battery  will  need  less 
bluestone  than  the  ** short"  end,  because  the  former  is  not 
worked  as  continuously  as  the  latter.  The  internal  resist- 
ance may  be  reduced  and  the  battery  made  immediately 
available  by  drawing  about  2  pint  of  solution  of  sulphate  of 
zinc  from  a  battery  already  in  use,  and  pouring  it  gently 
into  the  jar;  or,  when  this  cannot  be  done,  by  putting  into 
the  jar  4  or  5  ounces  of  pulverized  sulphate  of  zinc  pre- 
viously dissolved  in  a  cup  of  water.  If  there  is  no  hurry 
for  the  cells,  do  not  put  in  the  zincs  until  the  solutions  have 
had  time  to  settle  to  their  normal  conditions,  which  will 
require  at  least  24  hours.  This  prevents  or  reduces  the  for- 
mation of  a  black  deposit  on  the  zinc.  When  there  is  much  of 
this  black  deposit,  remove  the  zinc  and  brush  or  scrape  it  oflE. 
If  no  zinc  sulphate  is  added  in  setting  up  the  cell,  it  will  be 
necessary  to  short-circuit  the  cell  for  some  time  (24  hours 
will  not  be  too  long)  before  it  will  be  in  good  condition. 
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29.  Caring:  for  Cells. — Blue  vitriol  should  be  dropped 
into  the  jar  as  it  is  consumed,  care  being  taken  that  it  goes 
to  the  bottom  and  not  on  the  zinc.  The  need  of  the  blue 
vitriol  is  shown  by  the  fading  of  the  blue  color,  which  should 
be  kept  at  least  as  high  as  the  top  of  the  copper,  but  it 
should  never  reach  the  zinc.  There  should  always  be  some 
bluestone  crystals  in  the  bottom  of  the  jar. 

After  the  battery  has  been  started,  no  further  attention  is 
required,  except  to  keep  it  supplied  with  bluestone  and  water, 
until  the  quantity  of  sulphate  of  zinc  in  solution  has  become 
too  great.  As  long  as  the  battery  continues  in  action,  there 
is  an  increase  of  the  quantity  of  sulphate  of  zinc  in  solution 
in  the  upper  part  of  the  jar.  When  this  becomes  too  dense 
(above  1.15  specific  gravity),  it  will  be  necessary  to  draw  out 
a  portion  of  the  top  of  the  liquid  with  a  battery  syringe  or  a 
cup  and  replace  it  with  clear  water.  A  hydrometer  is  con- 
venient for  the  purpose  of  testing  the  strength  of  this 
solution.  A  hydrometer  visually  consists  of  a  small  glass 
tube,  the  lower  end  of  which  is  enlarged  and  partially  filled 
with  fine  shot  or  mercury.  The  tube,  when  placed  in  a 
solution,  floats  in  a  vertical  position.  Some  hydrometers 
are  graduated  by  experiment  with  solutions  of  known  specific 
gravity  so  that  the  scale  indicates  the  specific  gravity  directly. 
When  graduated  according  to  the  scale  known  as  the  BeaumS, 
the  hydrometer  is  floated  in  water,  and  the  point  on  the 
stem  on  a  level  with  the  surface  of  the  water  is  marked  1°; 
then  it  is  floated  in  strong  undiluted  sulphuric  acid,  and  the 
corresponding  point  marked  65°.  The  intervening  space  is 
divided  into  64  equal  divisions,  called  degrees.  Hydrometers 
will  be  more  fully  described  and  illustrated  in  connection 
with  storage  batteries. 

When  the  specific  gravity  of  the  solution  in  the  gravity  cell 
is  less  than  15°  on  the  Beaum6  hydrometer  scale,  there  is 
too  little  sulphate  of  zinc;  when  it  is  30°  or  over,  there 
is  too  much  in  solution,  and  it  must  be  diluted.  When  the 
zincs  become  coated  so  as  to  interfere  with  the  proper 
action  of  the  battery,  they  must  be  taken  out,  scraped  clean, 
and  washed. 


30  PRIMARY  BATTERIES  §7 

A  gravity  cell  can  be  maintained  in  excellent  condition  by 
keeping  it  on  a  closed  circuit  about  60  per  cent,  of  the  time. 
If  kept  on  open  circuit  too  long  a  time  the  solutions  mix  and 
the  cell  is  not  ready  for  immediate  use. 

30.  Cleaning  Cells. — Cells  that  are  used  constantly 
should  be  cleaned  out  about  once  every  3  months.  To  do 
this,  carefully  remove  the  zinc,  clean  it  by  scraping  with  a 
knife,  and  wash  it  with  plenty  of  water.  Pour  the  clear  liquid 
into  a  separate  jar,  leaving  behind  the  oxide  and  dirt  that 
may  have  gathered  in  the  bottom  of  the  jar.  Now  take  out 
the  copper,  clean  it  and  the  jar,  throwing  away  the  sediment. 
Replace  the  copper,  put  around  it  some  bluestone  crystals, 
pour  the  clean  liquid  back  into  the  jar,  replace  the  zinc,  and, 
without  disturbing  the  liquid  any  more  than  is  necessary,  add 
enough  water  to  cover  the  zinc.  The  battery  will  soon  be 
ready  for  use,  and  short-circuiting  the  cell  or  battery  should 
bring  it  into  condition  very  rapidly.  Some  question  the 
advisability  of  using  any  of  the  old  solution  over  again, 
preferring  to  use  only  fresh  solution,  but  this  requires  short- 
circuiting  the  battery  for  at  least  24  hours,  in  order  to  bring 
it  into  working  order,  consuming  both  time  and  battery 
material.  A  fresh  solution  will,  without  doubt,  give  the  best 
results  where  time  and  expense  are  not  important. 

31.  The  condition  of  a  gravity  cell  may  be  judged  from 
its  appearance.  When  the  cell  is  in  good  order,  the  solution 
is  bright  blue  in  color,  the  blue  fading  to  a  colorless  solu- 
tion before  reaching  the  zinc.  The  batteries  should  not  be 
allowed  to  freeze,  for  while  frozen,  the  current  is  very  much 
reduced  or  altogether  stopped.  Below  65°  or  70°  F.,  the 
internal  resistance  of  a  battery  increases  very  rapidly.  A 
battery  works  much  more  vigorously  while  warm,  for  heat 
is  a  promoter  of  chemical  action.  The  connections  should 
be  kept  free  from  dirt  and  corrosion  in  order  to  allow  the 
current  a  low-resistance  path  through  them. 

32.  Croeplnsr  of  Baits. — If  no  precautions  are  taken  to 
prevent  it,  the  battery  jar  fnay  after  a  time  be  found  covered 
with  crystals  of  salt  adhering  to  the  sides  of  the  jar  above 
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the  liquid  and  even  extending^  over  the  top  of  the  jar.  These 
crystals,  besides  giving  a  dirty  appearance  to  the  cell,  repre- 
sent a  considerable  loss  of  salt  from  the  cell  and  may  also 
cause  leakage  of  current.  This  creeping  of  salt  is  a 
phenomenon  of  capillarity.  The  solution,  by  capillarity, 
rises  a  little  distance  on  the  sides  of  the  jar,  and  the  water, 
evaporating,  leaves  crystals  of  the  salt.  More  of  the  solu- 
tion rises  through  the  salt  crystals  and  creeps  a  little  higher 
and  more  crystals  are  deposited.  This  action  is  repeated  and 
the  salt  gradually  creeps  over  the  sides  of  the  jar.  Strong 
solutions  creep  worse  than  dilute  ones.  The  white  zinc  sul- 
phate that  creeps  over  the  jars  is  a  very  fair  conductor  of 
electricity  when  moist,  and  if  it  extends  from  cell  to  cell, 
may  cause  considerable  leakage  and  consequent  waste  of 
current  and  battery  material.  The  creeping  of  salts  in  this 
and  many  other  types  of  cell  over  the  side  of  the  glass  jar  is 
generally  prevented  by  coating  the  upper  part  of  the  jar  with 
paraffin.  To  do  this,  dip  the  inverted  jar  to  a  depth  of  about 
2  inch  in  a  shallow  dish  of  melted  paraffin.  Tip  the  jar  side- 
wise,  otherwise  the  air  confined  in  the  inverted  jar  will  not 
allow  the  melted  paraffin  to  rise  to  sufficiently  coat  the  inside 
of  the  jar. 

33.     Oil  on  Gravity  Cells. — Oil  over  the  top  of  the 

solution  will  not  only  prevent  the  creeping  of  salts,  provided 
it  is  poured  on  before  the  creeping  commences,  but  it  will 
also  prevent  evaporation  of  the  solution.  The  oil  makes  it 
more  difficult  to  clean  the  cell,  but  it  saves  the  time  that 
would  otherwise  be  required  for  replenishing  the  cells  with 
water.  The  oil  may  be  removed  with  sand  and  a  wet  cloth. 
The  advisability  of  using  it  is  a  disputed  question  and 
depends  on  local  conditions.  As  common  oil  is  very  apt  to 
rot  the  insulating  covering  of  the  wire  running  through  it  to 
the  copper  element,  only  a  good  quality  of  petroleum  lubri- 
cating, or  heavy  paraffin,  oif  should  be  used. 
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CEIiliS  WITH  A  SOIilD  DBPOIiARIZBB 

34.^  The  depolarizers  that  are  used  in  this  class  of  cell 
are  generally  substances  containing  a  large  proportion  of 
oxygen,  with  which  the  free  hydrogen  unites,  forming  water; 
the  remainder  of  the  depolarizer  is  sometimes  dissolved  in 
this  water,  but  more  often  remains  at  the  cathode  in  a  solid 
form,  the  water  merely  serving  to  dilute  the  electrolyte.  In 
the  first  case,  the  solution  formed  usually  acts  to  keep  up  the 
strength  of  the  electrolyte.  Some  few  of  the  elements  that 
exist  in  the  solid  state,  such  as  the  metalloid  tellurium,  will 
unite  directly  with  hydrogen,  and  might  be  used  as  depolar- 
izing cathodes.  Such  elements  are  rare  and  are  not  used  in 
commercial  forms  of  cells. 

Among  the  most  widely  used  depolarizers  are  the  oxides 
of  manganese,  copper,  and  lead,  and  the  chlorides  of  some 
of  the  metals.  The  sulphates  of  mercury  also  have  a  large 
proportion  of  oxygen,  or  its  equivalent  in  the  form  of  the 
SO^  radical,  and  are  used  for  this  purpose. 


i;eclanchb  cell. 


35.  The  Iieclanch6  cell  is  a  well-known  and  widely 
used  cell  of  this  class.  Its  positive  element  (negative 
electrode)  is  zinc,  usually  in  the  form  of  a  rod;  the  electrolyte 
is  a  solution  of  ammonium  chloride,  NH^Cl  (also  called  sal 
ammoniac);  and  the  negative  element  is  carbon,  surrounded 
by  manganese  dioxide,  MyiO^  (also  called  black  oxide,  or 
peroxide,  of  manganese),  which  is  the  depolarizer.  This 
being  in  the  form  of  a  coarse  powder,  it  is  usually  contained 
in  a  porous  cup,  which  allows  free  access  of  the  electrolyte 
to  the  depolarizer  and  negative  element.  Fragments  of 
crushed  coke  (or  carbon  in  other  forms) -are  often  mixed 
with  the  manganese  dioxide  to  decrease  the  resistance  of  the 
contents  of  the  porous  cup. 

Fig.  9  shows  the  usual  form  of  this  type  of  cell.  The 
porous  cup  P  contains  the  manganese  dioxide  and  the 
carbon  electrode,  which  projects  from  the  top  of  the  cup, 


§7  PRIMARY  BATTERIES  33 

aod  to  which  a  binding  post  B  is  attached.  The  binding 
post  is  often  placed  on  the  side  instead  of  the  top  of  the 
carbon.  The  glass  jar  is  circular,  with  a  contracted  top,  in 
which  a  slight  recess  is  usually  formed  to  contain  the  zinc  Z. 
The  top  of  the  zinc  is  provided  with  a  binding  screw  5„ 
which  serves  as  the  negative  terminal  of  the  cell,  B  being 
the  positive.  The  top  of  the  jar  is  coated  with  paraffin  to 
prevent  the  creeping  of  salts  over  the  top  of  the  jar. 

The  cell  illustrated  in  Fig.  9  is  of  the  following  dimen- 
sions: Jar,  4^  inches  in 
diameter,  6i  inches  high; 
zinc,  %  inch  in  diameter, 
6i  inches  high;  porous 
cup,  3  inches  in  diameter, 
5i  inches  high;  carbon, 
6  inches  by  ij  inches  by 
To  inch  high.  The  weight 
of  the  zinc  rod  is  about 
3  ounces,  about  two-thirds 
of  which  is  below  the  level 
of  the  liquid.  There  are 
about  16  ounces  of  per- 
oxide in  the  porous  cup, 
and  it  requires  4  or  5 
ounces  of  ammonium  chlo- 
ride to  make  sufficient 
solution  for  this  size  of 
cell.  For  each  ounce  of 
zinc  consumed  in  the  cell,  '"' 

2  ounces  of  manganese  dioxide  and  2  ounces  of  ammonium 
chloride  must  also  be  consumed;  so,  from  the  amount  of 
these  materials  contained  in  the  cell,  it  follows  that  there  is 
enough  peroxide  in  the  porous  cup  to  last  while  four  zincs 
are  being  consumed,  while  the  ammonium  chloride  will  not 
last  longer  than  one  zinc.  As  the  zincs  are  usually  replaced 
when  eaten  away  to  about  \  inch  or  A  inch  diameter,  the 
solution  need  not  be  replaced  until  about  two  zincs  have 
been  consumed,  and  the  contents  of  the  porous  cup  will  last 


84  PRIMARY  BATTERIES  §7 
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as  long^  as  five  or  six  zincs.  The  consumption  of  zinc  in  the 
Leclanch^  cell  is  about  23  ampere-hours  per  ounce  of  zinc, 
and  as  about  li  ounces  of  each  zinc  rod  may  be  consumed, 
the  life  of  each  zinc  is  then  about  40  ampere-hours.  The 
E.  M.  F.  of  this  type  of  cell  varies  from  1.4  to  1.7  volts  and 
its  internal  resistance  varies  from  .4  to  4  ohms. 

It  is  usual  to  seal  the  carbon  and  depolarizer  into  the 
porous  cup  by  some  compound,  such  as  sealing  wax,  leaving: 
small  tubes  or  holes,  by  which  whatever  gas  is  not  absorbed 
by  the  depolarizer  may  escape.  This  sealing  necessitates 
the  entire  renewal  of  the  porous  cup,  with  contents,  when 
the  depolarizer  is  exhausted.  To  obviate  this  expense,  some 
makers  use  a  carbon  porous  cup  and  place  the  zinc  inside, 
at  the  center,  the  space  between  the  zinc  and  carbon  being 
filled  with  manganese  dioxide. 

36.  Fastening  Binding:  Posts  to  Carbon  Elec- 
trode.— It  is  necessary  to  have  the  binding  post  substan- 
tially joined  to  the  carbon  and  the  corroding  action  of  the 
electrolyte  (due  to  its  creeping  up  and  through  the  porous 
carbon)  on  the  binding  post  where  the  latter  is  joined  to  the 
carbon  must  be  avoided.  To  do  this  was  quite  difficult  for  a 
time,  but  a  good  method  is  as  follows:  Drill  a  hole  in  the 
carbon  the  size  of  the  binding-post  screw,  then  enlarge  the 
hole  at  the  bottom,  making  it  cone-shaped.  This  hole  is  then 
filled  with  a  melted  alloy  consisting  of  two  parts  of  bismuth 
and  one  part  of  tin,  and  the  binding  post  is  screwed  in  before 
it  becomes  too  hard.  On  solidification  the  alloy  expands, 
making  a  very  tight  and  substantial  joint.  To  prevent  capil- 
lary attraction  and  the  creeping  of  the  electrolyte  up  the 
carbon,  the  top  with  the  binding  post  in  place  should  be 
thoroughly  soaked,  or  at  least  coated  over,  with  paraffin, 
wax,  or  insulating  varnish  or  paint. 

37.  Hayden  Coll. — Another  form  of  the  Leclanch6  cell 
is  what  is  known  as  the  Hayden  No.  2,  shown  in  Fig.  10. 
In  this  cell,  the  depolarizer,  instead  of  being  contained  in  a 
porous  cup,  is  contained  within  a  carbon  cylinder  that  in 
itself  forms  the  negative  element  of  the  battery.     The  zinc 
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is  cylindrical  in  form  and  surrounds  the  carbon  cylinder; 
thus,  by  virtue  of  its  large  surface  and  the  short  distance 
between  the  two  electrodes,  producing  a  very  low  internal 
resistance.     The   carbon  cylinder   C   is   corrugated   on   its 
exterior  surface  so  as  to  present  as  large  a  space  as  possible 
to  the  electrolyte,  and  contains  the  depolarizer  D,  composed 
of  a  mixture  of  manganese  dioxide  and  crushed  carbon  in 
about  equal  portions,  each  being  broken  into  particles  some- 
what smaller  than  peas.     The  carbon  cylinder  C  engages  the 
cover-plate  5,  also  of  carbon,  by  means  of  a  screw  thread,  as 
shown.     The  positive  terminal  T  of  the  cell  is  composed  of 
the  threaded  stud  /.  the  washer  t',  and  locking  nut  f.    The 
stud  is  secured  in  place  by  means  of  tin, 
which   is  melted   and  poured  into  the 
hole  in  the  cover-plate,  the  plate  itself  * 
being  previously  heated  to  a  high  tem- 
perature.   WVfter  this,  the  entire  cover- 
plate  is  boiled  in  paraffin,  so  as  to  pre- 
vent   corrosion    between    the    metallic 
terminal  T  and  the  carbon.    Unless  this 
or  similar  means  is  taken,  this  corrosion 
is  sure  to  set  in,  due  to  the  absorption 
of  the  chemicals  in  the  solution  by  the 
porous  carbon. 

Around    the   carbon    cylinder   are 
stretched  two  heavy  rubber  bands,  the 

purpose  of  which  is  to  maintain  the  zinc  cylinder  at  a 
proper  distance  from  the  carbon.  A  zinc  rod  carrying  the 
negative  terminal  T'  of  the  cell  passes  through  a  porce- 
lain bushing  b  in  the  cover-plate,  it  being  soldered  at  its 
lower  end  to  the  zinc  cylinder-  Much  trouble  has  been 
experienced  in  these  cells,  due  to  the  rapid  eating  away  of 
the  zinc  at  the  point  where  this  rod  joined  it.  This  was 
undoubtedly  due,  in  a  large  measure,  to  the  presence  of  some 
foreign  substance  introduced  by  the  solder,  and  also,  to  a 
less  extent,  to  the  fact  that  the  action  was  more  violent  at 
that  point.  This  trouble  has,  however,  been  entirely  over- 
come by  painting  the  plate  and  the  rod  in  the  vicinity  of  the 
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joint  with  some  material,  such  as  a  mixture  of  pitch  and 
tallow,  that  adheres  strongly  to  the  surface,  and  prevents  the 
action  of  the  electrolyte  at  this  place. 

The  proper  place  for  the  depolarizer  is  between  the  zinc  and 
carbon,  so  that  the  oxygen  is  liberated  on  the  carbon  surface 
where  the  polarization  occurs.  The  good  results  obtained 
with  this  form  of  Leclanch^  cell  are  probably  due  as  much  to 
the  large  carbon  surface  as  to  the  depolarizing  material. 


38.    Oonda  Cell. — Another  widely  used  form  of  Leclanch^ 
cell  is  the  Gonda-LiecIancli6,  which  uses  no  porous  cup 

whatever;  the  manganese  dioxide  is  mixed 
with  granulated  carbon  and  some  gummy 
substance,  and  compressed  into  cakes 
under  great  pressure.  These  cakes  are 
attached  to  the  sides  of  the  carbon  plate, 
and  act  in  the  same  manner  as  the  depolar- 
j{  izer  in  the  regular  form. 

Fig.  11  shows  the  construction  of  the 
elements  of  such  a  cell.  The  two  cakes 
of  depolarizer  (called  gondas)  Gy  G  are 
clamped  one  on  each  side  of  the  carbon 
plate  C  by  the  soft-rubber  bands  Ry  R, 
which  also  serve  to  hold  the  zinc  rod  Z 
in  place.  The  zinc  lies  in  a  groove  in  a 
block  of  wood  or  clay  \V,  which  serves  to 
keep  the  zinc  away  from  the  gondas.  This 
block  is  now  generally  omitted,  both  zinc 
and  carbon  being  supported  from  a  plate  of  insulating  mate- 
rial, which  also  acts  as  a  cover  to  the  jar,  and  thick  rubber 
bands  are  used  to  hold  the  gondas  in  place  and  to  prevent 
the  zinc  touching  them  or  the  carbon.  In  other  forms,  the 
depolarizer  is  molded  into  a  cylinder,  in  the  center  of  which 
the  zinc  is  supported.  In  this  latter  form,  a  second  zinc 
electrode,  consisting  of  a  cylinder  of  sheet  zinc  encircling  the 
cylindrical  gonda,  is  sometimes  used,  a  common  terminal 
being  connected  to  both  zincs.  The  liquids  and  action  of 
the  gonda  form  are  the  same  as  in  the  regular  Lcclanch^  cell. 
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Fig.  11 
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39i.  Commercial  sal  ammoniac  often  contains  a  consid- 
erable amount  of  impurities,  in  the  shape  of  other  salts, 
which  materially  reduce  the  life  of  the  electrolyte;  not  suffi- 
ciently, however,  to  warrant  the  cost  of  usingf  the  chemically 
pure  salt.  However,  it  is  very  much  better  to  use  only  a 
good  quality  of  commercial  sal  ammoniac  made  especially 
for  batteries.  Ammonium  chloride  has  been  found  to  be  the 
only  salt  that  works  well  with  manganese  dioxide  as  a 
depolarizer,  so  the  many  other  forms  of  cell  that  have  been 
constructed,  using  this  depolarizer,  differ  materially  from  the 
Leclanch6  type  only  in  the  mechanical  arrangement  of  the 
parts.  Cells  using  manganese  dioxide  for  the  depolarizer 
are  used  only  for  open-circuit  work  since  the  depolarizer  acts 
slowly. 

The  principal  chemical  actions  in  the  Leclanch^  cell  are 
the  formation  of  zinc  chloride  and  ammonia,  and  the  partial 
reduction  of  the  manganese  dioxide.  Representing  these 
reactions  by  equations,  we  have  at  the  anode  Zn  +  2NHSI 
=  ZnCU  +  2NH^.  The  NH^  radical  passes  to  the  cathode 
and  there  breaks  up  into  NH^  and  H{2NH^  =  2 AW,  +  2H), 
The  hydrogen  then  reacts  with  the  MnO^  depolarizer  as 
expressed  in  the  equation  2MnO,  +  2H  =  Mn^O^  +  H^O. 
The  zinc  chloride  of  the  first  equation  and  the  ammonia  gas 
H^N  are  dissolved  in  the  water,  unless  the  solution  becomes 
•  saturated,  when  the  H^N  escapes  as  a  gas  and  a  double  salt 
of  zinc  and  ammonium  chloride  appears  as  crystals  on  the 
zinc  or  settle  to  the  bottom  of  the  cell.  Besides  these,  more 
complicated  reactions  may  occur,  but  they  do  not  affect  the 
E.  M.  F.  of  the  cell  materially. 

40.  Care  of  Tjeclanch6  Cells. — The  amount  of  sal 
ammoniac  required  to  charge  a  Leclanch6  cell  will  depend 
on  the  amount  of  water  required  to  fill  the  jar  to  the  proper 
height;  usually  from  4  to  6  ounces  is  sufficient.  It  is  best 
not  to  use  too  large  a  charge  of  sal  ammoniac,  and  never  put 
in  more  than  will  dissolve;  3  ounces  of  sal  ammoniac  to  a 
pint  of  pure  water  is  the  best  proportion.  Too  dense  a  solu- 
tion allows  the  double  salt  of  zinc  and  ammonium  chloride 
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that  is  gradually  formed  to  settle  to  the  bottom  and  crystal- 
lize around  the  zinc  and  carbon,  thereby  interfering  with  the 
proper  action  of  the  cell.  Moreover,  when  the  solution  is 
extra  dense  at  the  bottom,  the  top  portion  of  the  zinc  is  eaten 
away  more  rapidly  than  the  bottom,  forming  a  cone-shaped 
zinc.  This  is  due  to  local  action  between  the  two  parts  of 
the  zinc  that  are  in  solutions  of  different  specific  gravities,  the 
lower  one  of  which  also  contains  some  zinc  chloride.  There 
should  never  be  crystals  or  undissolved  salts  of  any  kind  in 
the  bottom  or  around  the  lower  ends  of  either  electrode.  If 
such  is  the  case  it  shows  that  either  too  much  sal  ammoniac 
was  used  in  charging  the  cell,  or  that  an  excess  of  other  salts 
have  formed,  probably  due  to  impurities  of  some  kind.  In 
any  case  all  the  crystals  should  be  removed  by  dissolving 
them  in  water  or  scraping  them  off. 

The  eating  away  of  the  zinc  at  the  surface  of  the  liquid  is 
probably  due  to  oxidation  and  can  be  avoided  only  by  the 
use  of  a  very  closely  adhering  coating  of  insulating  material 
around  the  zinc  rod  just  where  it  passes  through  the  surface 
of  the  solutioh.     This  is  not  usually  considered  necessary. 

The  jars  usually  have  printed  directions  pasted  upon  them 
for  setting  up  the  cells  and  marks  upon  the  jar  to  show  how 
much  water  is  required.  The  directions  given  should  be 
carefully  followed.  Where  porous  cups  are  used  the  liquid 
should  come  to  within  about  la  inches  of  the  top  of  the 
porous  cup.  The  cells  with  porous  cups  are  not  usually  in  a 
good  condition  for  use  until  10  or  12  hours  after  setting  up, 
because  time  is  required  for  the  solution  to  soak  through  the 
porous  cup.  Where  the  porous  cup  contains  one  or  more 
vent  holes  at  the  top  the  action  may  be  hastened  by  pouring 
some  of  the  sal-ammoniac  solution  into  the  porous  cup 
through  the  vent  holes,  but  the  top  of  the  cup  should  be 
wiped  dry  to  prevent  the  corrosion  and  formation  of  salts 
around  the  binding  post.  If  water  only  is  poured  in  the 
vent  holes,  time  will  be  required  for  the  sal  ammoniac  to 
diffuse  through  the  porous  cup.  If  the  solution  evaporates 
pure  water  should  be  added  from  time  to  time  to  keep  the 
level  up  to  the  proper  height. 
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41,  To  recharge  a  Leclanch6  cell  remove  the  various 
parts,  throw  away  the  old  solution,  wash  off  the  various 
parts,  and  if  necessary  scrape  the  zinc  and  porous  cup  or 
carbon  clean  with  a  knife.  Soaking  the  carbon  and  porous 
cup  in  water,  where  time  will  allow,  will  improve  it.  By 
baking  the  carbon  only  in  an  oven  it  could  be  improved; 
but,  in  most  makes,  this  would  also  melt  the  coating  over 
the  top  and  should  not  be  done.  If  the  zinc  seems  to  be 
rotten  or  mechanically  weak  when  recharging  the  cell  it 
should  be  no  longer  used.  Recharge  the  cell  as  it  was 
originally  set  up,  using  a  new  zinc,  if  the  old  one  is  practi- 
cally consumed  or  unfit  for  further  use.  The  terminals  of 
the  cell  should  be  kept  dry  and  water  or  solution  should  not 
be  spilled  all  over  them  and  the  floor.  If  necessary,  use  a 
piece  of  sandpaper  or  a  knife  to  brighten  the  wire,  washers, 
or  surfaces  against  which  the  wire  is  clamped  when  connecting 
the  cells.  If  the  coating  around  the  top  of  the  glass  jar  has 
come  off,  creeping  of  the  salts  will  follow.  Paraffin  or 
ozokerite  may  be  used  to  recoat  the  edge.  A  recharged 
Leclanch6  cell  will  not  have  as  high  an  E.  M.  F.  nor  as  long  a 
life  as  a  new  cell,  unless  the  depolarizer  and  carbon  as  well  as 
the  zinc  are  renewed,  which  practically  makes  a  new  cell  of  it. 

42,  Open-circuit  cells,  or  batteries  of  such  cells,  should 
never  be  short-circuited.  It  is  a  common  practice  to  touch 
a  wire  connected  to  one  terminal  to  the  other  terminal  of  a 
battery  to  see  if  a  spark  and  how  much  of  a  spark  can 'be 
produced,  and  this  is  even  done  by  those  who  should  know 
better.  This  short-circuits  the'  battery  and  the  large  momen- 
tary rush  of  current  polarizes  the  cell  and  consumes  the  zinc 
and  electrolyte.  Probably  more  cells  are  injured  in  this  way 
than  in  all  other  ways  of  misusing  them  combined.  This 
practice  cannot  be  too  strongly  condemned.  There  are  no 
open-circuit  cells  and  very  few  closed-circuit  cells  that  will 
stand  such  treatment  without  suffering  more  or  less  injury. 

43,  Commercial  Salts. — There  are  a  number  of  salts 
on  the  market  that  are  claimed  to  be  superior  to  sal  ammoniac 
for  Leclanch6  cells,  but  it  is  doubtful  if  they  are  any  better 
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than  g^ood  sal  ammoniac  prepared  especially  for  use  in 
batteries.  The  preparation  and  composition  of  these  salts 
are  trade  secrets.  One  such  salt  has  about  the  following 
composition:  Zinc  chloride,  20  parts;  ammonium  chloride, 
76  parts;  sodium  sulphate,  i  part;  water,  3i  parts. 


DRY  CELLS 

44,  The  name  dry  cells  is  applied  to  cells  in  which  the 
electrolyte  is  carried  in  the  pores  of  some  absorbent  material, 
or  combined  with  some  gelatinous  substance,  so  that  the  cell 
may  be  placed  in  any  position  without  spilling  the  liquid. 
These  cells  are  usually  made  with  zinc  and  carbon  elements, 
the  zinc,  usually  forming  the  outside  of  the  cell,  being  made 
into  a  sort  of  cylindrical  can,  in  the  center  of  which  is  the 
carbon,  surrounded  by  its  depolarizing  compound.  The  space 
between  them  is  filled  with  some  absorbent  material,  such 
as  mineral  wool,  asbestos,  sawdust,  blotting  paper,  etc.,  and 
the  whole  is  then  soaked  in  the  exciting  liquid;  or,  the  exci- 
ting liquid  is  mixed  with  a  hot  solution  of  some  gelatinous 
body,  such  as  Irish  moss,  which  mixture  is  poured  into  the 
cell;  on  cooling,  it  forms  a  soft  jelly.  The  first  method  of 
preparation  is  most  used.  It  is  quite  necessary  for  dry  cells 
to  have  a  depolarizer,  as  otherwise  they  would  have  to  be 
made  open  to  allow  the  hydrogen  gas  to  pass  off,  which 
would  also  allow  the  small  amount  of  water  they  contain  to 
evaporate.  To  prevent  this  latter  action,  these  cells  are 
sealed  with  some  resinous  compound.  The  zinc  can  is 
covered  with  pasteboard  to  insulate  it. 

Owing  to  the  presence  of  the  absorbent  material,  the 
actual  amount  of  liquid  in  these  cells  is  comparatively  small, 
and  the  sealing,  if  imperfect,  allows  the  water  to  evaporate, 
in  which  case  the  cell  ceases  to  act.  A  cell  of  this  descrip- 
tion may  often  be  made  to  work  when  apparently  exhausted 
by  drilling  a  small  hole  in  the  seal  and  injecting  a  little 
water  or  sal-ammoniac  solution,  or  by  also  drilling  a  small 
hole  in  the  bottom  and  setting  the  cell  in  a  glass  jar  contain- 
ing water  or  sal-ammoniac  solution. 
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The  materials  used  in  dry  batteries  are  usually  kept  secret 
by  their  manufacturers;  they  all,  however,  answer  ■  to  the 
above  description  as  to  construction,  and  the  best  types 
employ  the  same  materials  as  the  Leclanch6  battery;  that  is, 
a  zinc  anode,  ammonium -chloride  electrolyte,  mangfanese- 
dioxide  depolarizer^  and  carbon  cathode.  This  form  of  cell 
is  extremely  convenient  on  account  of  its  portability  and  the 
fact  that  it  needs  no  attention  until  a  new  cell  is  required. 
Even  if  not  used,  the  terminal  potential  gradually  falls  and 
the  internal  resistance  rises,  due  to  the  drying  up  of  the 
paste.  Even  the  best  dry  cells  will  not  usually  remain  in 
good  condition  longer  than  3  years  while  the  poorer  ones 
depreciate  considerably  if  kept  2  or  even  1  year;  no  dry  cell 
should  be  kept  in  stock  over  1  year.  The  internal  resistance 
and  E.  M.  F.  of  fresh  dry  cells  varies  from  .1  to  .7  ohm  and 
from  1.3  to  1.6  volts,  respectively.  Dry  cells  of  ordinary 
size  should  not  be  used  where  a  current  exceeding  about 
.15  ampere  is  required. 

45,  Gassner  Cell. — This  was  one  of  the  first  success- 
ful dry  cells.  A  cylindrical  can  of  sheet  zinc  serves  as  the 
containing  vessel  and  the  positive  element.  The  carbon 
element  is  in  the  center  and  occupies  about  one-half  the 
space  in  the  cell.  The  space  between  the  carbon  and  the 
zinc  is  filled  with  the  following  mixture:  Zinc  oxide,  one 
part;  sal  ammoniac,  one  part;  plaster  of  Paris,  three  parts; 
zinc  chloride,  one  part;  water,  two  parts  (all  by  weight). 
The  zinc  oxide  in  this  mixture  loosens  and  gives  the  mass 
greater  porosity.     The  E.  M.  F.  of  this  cell  is  about  1.3  volts. 

46,  Nungesser  Dry  Cell. — This  cell  is  known  as  the 
1900  Dry  Battery  and  is  a  very  good  open-circuit  cell.  It 
consists  of  a  zinc  outer  case,  or  can,  to  which  is  attached 
a  binding  post  forming  the  negative  terminal  of  the  cell.  Just 
inside  the  zinc  can  and  in  close  contact  with  it  are  several 
layers  of  insulating  absorbent  fiber  that  is  thoroughly  satU' 
rated  with  the  electrolyte.  A  carbon  pencil,  or  plate,  occupies 
the  center  of  the  cell  and  the  space  between  this  and  the  fiber 
is  filled  with    a  solidly  packed   mass  of    granular   carbon. 
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Great  care  is  used  in  selecting  only  the  purest  and  best- 
conducting  carbon.  A  solid  depolarizer  is  mixed  with  the 
carbon  and  the  whole  is  saturated  with  the  electrolyte.  The 
top  of  the  cell  is  sealed  with  a  hard  pitch.  The  £.  M.  P.  is 
1.6  volts  and  the  average  internal  resistance  of  the  6"  X  2i" 
size  is  about  .1  ohm.     There  is  little  or  no  local  action. 

The  life  of  this  cell  in  terms  of  different  kinds  of  work 
performed  is  stated  to  be  as  follows:  In  telephone  service, 
when  used  with  transmitters  having 
a  resistance  of  30  to  35  ohms,  the 
average  life  of  the  cell  is  not  less 
than  15  months'  continuous  exchange 
service;  with  telephone  transmitters 
of  65  to  75  ohms  the  average  life  is 
not  less  than  18  months  and  in  many 
cases  is  considerably  greater  than 
this.  For  such  work  as  door-bell  and 
annunciator  service  the  cell  should 
last  about  3  years. 

47.     New  Excelsior   Dry  Cell. 

This  is  an  open-circuit  dry  cell  made 
by  the  New  Excelsior  Dry  Battery 
Manufactory,  of  New  York.  In  this 
cell,  shown  in  section  in  Fig.  12,  the 
zinc  can  a  is  lined  on  the  inside  with 
absorbent  paper  p,  which  forms  a 
porous  partition  and  also  prevents 
internal  short  circuits.  The  paper  is 
^'°'"  thoroughly  saturated  with  the  elec- 

trolyte, which  is  a  solution  of  zinc  chloride  and  sal  ammo- 
niac in  water.  Inside  the  paper  is  a  thin  layer  rf  of  a  white 
paste  whose  composition  is  a  trade  secret.  A  carbon  pencil 
or  plate  c  occupies  the  center  of  the  cell  and  the  space  between 
is  filled  with  a  mixture  of  powdered  carbon  and  manganese 
dioxide  m,  these  also  being  saturated  with  the  electrolyte;  the 
manganese  acts  as  the  depolarizer.  The  E,  M.  F.  is  1.5  volts. 
The  regular  size  of  this  cell  (6  inches  by  2^  inches)  is  made 


§7  PRIMARY  BATTERIES  43 

in  two  qualities.  The  ordinary  quality  is  rated  to  give  6  to  8 
ampere-hours;  and  the  extra  quality,  10  to  12  ampere-hours. 
The  ampere-hour  rating:  of  a  cell  is  usually  more  desirable 
than  a  time  rating,  since  the  kind  of  work  required  of  a  cell 
varies  so  much.  The  New  Excelsior  dry  cell  is  made  in 
various  sizes.  A  large  size,  known  as  the  Eclipse^  is  much 
used  for  gas-engine  ignition. 

48.  Other  Bry  Cells. — Many  diflEerent  dry  cells  have 
been  made,  but  usually  they  do  not  differ  much  as  to  the 
materials  used.  Each  manufacturer  has  given  his  cell  a 
trade  name  by  which  it  is  generally  known.  Besides  those 
mentioned  there  are  the  MescOj  New  Standard,  Novak ,  O,  K,^ 
Mascot,  Exeter,  Phoenix  Improved^  Eastern,  Ajax,  Columbiay 
and  many  others. 

Meserole  gives  the  following  composition  for  a  dry  cell: 
Mineral  carbon  or  graphite,  one  part;  charcoal,  three  parts; 
white  arsenic  oxide,  one  part;  peroxide  of  manganese,  three 
parts;  a  mixture  of  dextrine  or  starch  and  glucose,  one 
part;  dry  hydrate  of  lime,  one  part;  all  parts  by  weight. 
After  mixing  these  well  into  a  paste  of  suitable  consist- 
ency, using  for  this  purpose  a  solution  of  equal  parts  of 
ammonium  chloride  and  common  salt,  add  gradually  one- 
tenth  the  volume  of  a  solution  of  mercury  bichloride  and 
an  equal  volume  of  hydrochloric  acid,  mixing  all  together 
very  thoroughly. 

49.  Some  dry  cells  are  superior  to  Leclanch6  cells  and 
their  output  per  unit  weight  is  nearly  always  greater.  About 
the  only  disadvantages  of  a  good  dry  cell  compared  with  a 
Leclanch^  cell  is  its  liability  to  deteriorate  even  when  stand- 
ing idle  and  the  fact  that  it  cannot  be  charged  with  fresh 
materials.  However,  the  Leclanch^  requires  more  attention 
and  even  when  recharged  is  not  the  equivalent  of  a  new  cell. 
Good  dry  cells  being  so  much  more  convenient,  portable, 
occupying  less  space,  and  enough  cheaper  to  offset  their 
incapability  of  being  recharged,  are  largely  replacing  wet 
Leclanch^  cells,  especially  for  telephones,  electric  bells,  and 
similar   purposes.     For   private   use,    where    the   attention 
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required  is  not  an  expense,  the  Leclanch6  cell  may  be  more 
economical  than  a  dry  cell  although  more  troublesome. 

It  is  not  practicable  to  charge  exhausted  dry  cells  of  the 
ordinary  type  by  passing  a  current  of  electricity  through 
them  in  the  proper  direction.  If,  however,  the  cells  are  only 
badly  polarized  and  not  exhausted,  a  charging  current  of 
short  duration  will  render  them  active  again.  There  may  be 
dry  cells  of  unusual  composition  that  can  be  charged  by  a 
current,  but  even  then  it  does  not  usually  pay  to  do  it. 


I^AXANDE- CHAPERON    CEUL 

50.  Another  depolarizer  that  is  used  in  important  com- 
mercial cells  is  aiPHc  oxide y  CuO.  The  Lialande-Cliaperon 
cell  uses  an  •  iron  or  copper  negative  element  surrounded 
with  a  layer  of  cupric  oxide.  The  positive  element  is  zinc, 
the  electrolyte  a  solution  of  potassium  (or  sodium)  hydrate 
(caustic  potash).  On  closing  the  external  circuit,  the 
potassium-hydrate  solution  attacks  the  zinc,  forming  a  com- 
pound of  potassium  and  zinc  oxides,  known  as  potassium 
zificaie^  KtZnO^^  and  liberating  hydrogen,  which  combines 
with  the  oxygen  of  the  cupric  oxide  forming  water,  and 
depositing  metallic  copper  on  the  cathode. 

If  the  surface  of  a  solution  of  caustic  potash  is  exposed  to 
the  air,  it  will  gradually  form,  by  the  absorption  of  CO^  gas 
from  the  air,  potassium  carbonate.  To  prevent  this  action, 
cells  of  this  type  have  the  surface  of  the  liquid  covered  with 
a  thin  layer  of  heavy  oil.  The  E.  M.  F.  of  this  type  of  cell 
is  about  .7  volt,  and  its  internal  resistance  is  usually  very 
low.  It  is  capable  of  giving  a  greater  output  per  unit 
weight  than  any  other  well-known  cell,  except  the  dry  cell. 


EDISON-LALANDE    CELL, 

51.  The  Edlsoii-Iialande  cell  is  a  modification  of  the 
Lalande-Chaperon.  The  cupric  oxide  is  molded  under  pres- 
sure into  plates  of  the  requisite  size,  being  first  mixed  with 
magnesium  chloride,  which,  when  the  molded  plates  are 
heated,   serves  to  bind   the  mass  together.      These  plates 
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are  held  in  copper  frames,  which  enclose  the  edges  of  the 
plates.  The  positive  element  in  this  cell  is  amalgamated 
zinc,  and  the  electrolyte  a  solution  of  potassium  hydrate, 
as  in  the  Lalande-Chaperon  cell.  Two  plates  of  zinc  are 
used  in  most  of  the  forms  of  this  cell,  one  on  each  side  of 
the  cupric-oxide  plate.  There  is  practically  no  local  action 
on  open  circuit. 

One  form  of  this  cell  is  shown  in  Fig.  13,  which  represents  a 
150-amp  ere -hour  cell.  The  cupric-oxide  plate  C  is  suspended 
in  a  copper  frame  F,  F  between  the  two  zinc  plates  Z,  Z, 
which  are  hung  from 
each  side  of  a  lug  on 
the  porcelain  cover  of 
the  jar.  The  sides 
of  the  copper  frame 
of  the  oxide  plate  are 
carried  through  the 
cover  supporting  the 
plate  and  form  ter- 
minals B,  B,  either  of 
which  may  be  used  as 
the  positive  terminal 
of  the  cell.  The  cop- 
per frame  is  protected 
from  the  action  of  the 
liquid  where  it  passes 
through,  by  tubes 
of  insulated  material 
7",  T.   A  binding  post 

B„  on  the  bolt  that  ''"'■" 

supports  the  two  zinc  plates,  serves  as  the  negative  terminal. 
A  heavy  paraffin  oil  is  used  in  this  cell  to  prevent  the  action 
of  the  air  on  the  solution. 

The  cell  shown  is  h\  inches  by  Si  inches,  outside  dimen- 
sions, and  will  give  a  current  of  3  amperes  at  a  potential  of 
about  .7  volt  for  50  hours,  which  is  equivalent  to  about 
100  watt-hours,  with  one  charge  of  zinc,  caustic  potash,  and 
copper  oxide. 
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The  internal  resistance  of  the  cell  shown  is  about  .07  ohm; 
the  weig^ht  of  the  oxide  plate  is  about  i  pound.  This  type 
of  cell  is  made  in  various  sizes,  ranging  from  a  15-ampere- 
hour  cell  for  telephone  and  similar  work,  to  900-ampere- 
hour  cells  for  running  lamps,  small  motors,  etc.  The  type  R, 
300-ampere-hour  cell,  which  is  10  inches  high  by  6J  inches 
in  diameter,  has  an  internal  resistance  of  about  .03  ohm, 
and  is  able  to  give  14  amperes,  although  4  amperes  is  its 
most  eflficient  current  output,  and  requires  a  2-pound  copper- 
oxide  plate.  The  most  efficient  current  output  for  the 
50-ampere-hour  cell  is  2  amperes;  for  the  150-ampere-hour 
cell,  3  amperes;  for  the  type  S  300-ampere-hour  cell, 
6  amperes;   and   for   the  600-ampere-hour  cell,  7  amperes. 

52,  Directions. — For  setting  up,  caring  for,  and  renew- 
ing the  type  R  cell,  the  following  directions  are  given  by 
the  makers:  Fill  the  jars  with  water  to  the  brown  line  on 
the  inside.  Then  open  the  can  of  granulated  potash  by 
cutting  out  the  bottom  (which  is  made  of  very  thin  tin)  with 
a  penknife.  Add  the  potash  gradually  to  the  water,  stirring 
the  solution  constantly  until  the  potash  is  entirely  dissolved, 
which  will  take  about  3  minutes.  When  the  solution  cools 
it  may  be  found  necessary  to  add  a  little  more  water  to 
bring  it  up  to  the  brown  line  again.  Put  the  elements  in 
place,  lift  the  cover  slightly,  and  pour  a  layer  of  heavy 
paraffin  oil  (from  the  bottle  furnished)  on  the  solution  in  the 
jar,  until  it  covers  the  blue  line.  As  the  potash  will  bum  the 
skin  and  clothes,  avoid  splashing  the  liquid  when  stirring  it. 

Unless  a  short  circuit  should  occur,  the  battery  requires 
no  attention  until  it  is  exhausted. '  A  short  circuit  between 
the  plates  in  the  cell  will  exhaust  the  cell.  A  short  circuit 
outside  will  exhaust  the  whole  battery. 

When  the  cell  becomes  exhausted,  the  solution  and  the 
remains  of  the  zinc  and  oxide  plates  must  be  thrown  away. 
All  the  remaining  parts  can  be  used  again. 

To  take  the  cells  apart,  lift  the  lids,  unscrew  the  bolts,  and 
remove  the  zinc  and  oxide  plates.  Wash  (with  water)  the 
copper  frames,  bolts,  and  rubber  insulators,  brightening  up 
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the  metal,  where  corroded,  with  emery  paper,  especially  the 
inside  grooves  of  the  copper  frame  sides.  Pour  away 'the 
solution  carefully  and  set  up  cells  with  new  potash,  oxide 
plates,  and  zincs  according  to  directions.  All  the  parts  that 
have  been  immersed  in  potash  must  be  washed  before  they 
are  handled. 

To  ascertain  if  the  oxide  pktes  are  exhausted,  pick  into 
the  body  of  the  oxide  plates  with  a  sharp-pointed  knife.  If 
they  are  red  throughout  the  entire  mass  they  are  completely 
exhausted  and  need  renewing.  If,  on  the  contrary,  there  is 
a  layer  of  black  in  the  interior  of  the  plate,  there  is  still 
some  life  left,  the  amount  being  dependent  entirely  on  the 
thickness  of  the  layer  of  black  oxide  still  remaining. 

Too  great  stress  cannot  be  laid  on  the  necessity  of  observ- 
ing (when  setting  up  the  cells)  that  the  top  of  the  oxide 
plate  is  fully  1  inch  below  the  surface  of  the  potash  solution, 
and  consequently  about  li  inches  below  the  top  of  the  oil. 
The  difference  of  1  inch  in  the  height  of  the  solution  in  the 
jars  determines  the  success  or  failure  of  these  batteries. 

It  is  essential  not  to  omit  the  layer  of  oil,  for  otherwise 
the  life  of  the  cell  will  not  be  over  one-third  what  it 
should  be. 

W.  R.  Cooper,  in  **Primary  Batteries,**  says:  "It  is  not 
necessary  to  discard  the  copper-oxide  plates  when  reduced 
by  discharge.  After  soaking  for  a  time  in  water  to  remove 
the  excess  of  soda,  they  may  be  dried  and  reoxidized  by 
heating  to  a  red  heat  in  air.  A  large  gas  burner  may  be 
used  for  this  purpose;  but  in  that  case  the  plate  should  be 
protected  from  the  direct  action  of  the  flame  by  a  piece  of 
thin  sheet  iron,  otherwise  reduction,  instead  of  oxidation,  is 
liable  to  take  place  in  parts.  A  plate  so  treated  is  not  likely 
to  be  as  good  as  the  original,  and  will  give  but  a  feeble  cur- 
rent to  start  with,  unless  previously  reduced  on  the  surface, 
but  will,  nevertheless,  have  a  serviceable  life.  The  simplest 
way  to  reduce  such  a  plate  is  to  short-circuit  the  cell  for  a  few 
minutes  only.  This  short-circuiting  should  not  be  done  with 
a  new  cell,  for  it,  or  its  equivalent,  has  already  been  done  by 
the  makers." 

.4]— 20 
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GORDON    CEU. 
53.     The  Gordon  cell,  which  is  a  modliication  of  the 
Lalande-Chaperon,  is  shown  in  Fig.  14.     It  is  used  to  a  con- 
siderable extent  in  this  country  for  fire-,  police-,  and  rail- 
way-sigfnal  systems  and  for  many  other  purposes  where  a 
non-polarizing,  closed-circuit  battery  is  required.     These  cells 
are  made  with  enameled  steel,  porcelain,  or  glass  jars,  and 
a  cover  of  tin,  porcelain,  compressed  fiber,  or  glass  that  fits 
the  jar  nearly  water-tight.     The  negative  element  consists  of 
a  perforated  tin  cylinder  (tinned-iron)  i  suspended  by  an 
iron  rod  from  the  center  of  the  cover  /  and  held  in  place  by 
insulating  washers  and  the  brass 
connector.     The  perforated  cyl- 
inder contains  the  black  oxide 
of  copper,  which  is  the  depolar- 
izing agent.     About   li  inches 
from  the  bottom  of  this  cylin- 
der are   attached   three   porce- 
lain lugs.     Only  two  of  these 
lugs  e,e  are  shown  in  the  figure. 
They  sustain  the  weight  of  the 
zinc  element  ^  and  at  the  same 
time  insulate  it  from  the  nega- 
tive element  /.    A  copper  wire  h, 
insulated  with  rubber,  connects 
with  the  zinc  and  passes  through 
the  cover  of  the  jar  and  forms 
the  negative  terminal  of  the  cell.     The  electrolyte  is  a  solu- 
tion of  sodium  hydroxide  (caustic  soda)  in  the  proportion  of 
li  pounds  of  caustic  soda  to  6  pints  of  pure  water.     The 
water  should  especially  be  free  from  lime  or  carbonaceous 
materials.    A  layer  of  paraffin  oil  floats  on  the  surface  of  the 
electrolyte;  no  kind  of  animal  or  vegetable  oil  must  ever  be 
used  in  Gordon  or  Edison- Lalande  cells. 

A  No.  1  Gordon  cell,  having  a  jar  fi  inches  in  diameter 
and  8  inches  high,  holding  6  pints  of  electrolyte,  and  using 
2j  pounds  of  copper  oxide  for  one  charge,  will  give  a  steady 
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current  of  2  amperes  at  about  .67  volt  or  of  5  amperes  at 
about  .6  volt,  and  is  guaranteed  by  the  makers  to  give 
250  ampere-hours.  It  is  claimed  that  the  cell  will  give 
26  per  cent,  greater  capacity  under  ordinary  conditions.  At 
a  discharge  rate  of  .08  ampere,  as  required  for  some  railway- 
signal  systems,  this  size  cell  is  warranted  by  the  manufac- 
turer to  last  6  months  without  any  attention  whatever,  and 
much  longer  where  less  current  is  required.  The  internal 
resistance  may  be  as  low  as  .04  ohm.  This  type  of  cell  has 
been  known  to  work  without  interruption  at  a  temperature 
considerably  below  zero.  The  Gordon  cell  requires  no 
attention  until  replenishment  is  necessary,  for  which  purpose 
new  cupric  oxide,  zinc,  and  caustic  soda  are  required.  Care 
must  be  taken  not  to  splash  or  spill  the  solution  for  it  is 
injurious  to  both  the  hands  and  the  clothes. 

To  set  up  the  cell,  remove  the  cover  by  unscrewing  the 
brass  connector;  place  the  copper  oxide  in  the  perforated 
cylinder;  -fill  the  No.  1,  6''  X  8''  jar,  within  2  inches  of  the  top 
and  the  No.  2,  4i"  X  6'^  jar,  within  li  inches  of  the  top  with 
pure  water;  add  the  sodium  hydroxide  to  the  water  slowly 
and  with  constant  stirring  (to  prevent  too  great  a  production 
of  heat);  when  all  the  caustic  soda  has  been  dissolved,  place 
the  elements  (which  are  attached  to  the  cover)  in  the  jar  and 
then  lift  the  cover  slightly  and  pour  in  the  oil.  The  oil 
should  be  added  last  so  that  the  elements  will  not  come  in 
contact  with  it,  which  would  be  the  case  if  the  elements  were 
inserted  after  the  oil  had  been  put  in.  The  liquid  should 
then  stand  1  inch,  in  the  No.  1,  and  i  inch  in  the  No.  2,  from 
the  top  of  the  jar. 

64.'  The  reactions  in  these  alkaline  cells  are  represented 
by  the  equations:  Zn  +  ^KOH  =  K^ZnO^  +  7/,,  at  the  anode; 
CuO  +  H^  =  Cu  +  //,0,  at  the  cathode.  The  salt  K^ZnO^ 
is  called  potassium  zincate.  If  sodium  hydroxide  is  the 
electrolyte,  the  equations  are  the  same  except  that  Na  is 
substituted  for  K, 

55.  Several  oxides  of  lead  have  been  used  as  depolar- 
izers in  single-liquid  cells:    plumbic  oxide,  PbO,  known  as 


60  PRIMARY  BATTERIES  §7 

litharge,  which  is  in  the  form  of  a  yellowish  powder;  per- 
oxide of  lead,  PbO,\  and  a  combination  of  the  oxide  and  the 
peroxide,  Pb,Oi,  known  as  minium,  or  red  lead,  which  is  a 
brilliant  red  powder.  As  seen  from  its  formula,  the  peroxide 
contains  the  most  oxygen,  and  is  the  best  depolarizer;  for 
example,  in  the  zinc-dilute  sulphuric  acid-carbon  cell,  repla- 
cing the  carbon  with  lead  peroxide  increases  the  E.  M.  P.  to 
2.5  volts;  the  action  of  the  sulphuric  acid  on  the  peroxide, 
however,  forms  lead  sulphate,  which  is  insoluble,  and 
increases  the  internal  resistance  of  the  cell  somewhat. 


nABRlSON    CELL 

56.  A  small  size  of  the  Elarrlsou  cell  (No.  1)  is  shown 
in  Fig  15.  In  this  cell  the  element  n  consists  of  electro- 
lytically  prepared  lead  peroxide  compressed  around  a  con- 
ductor of  hard  lead.     The  electrolyte  is  a  dilute  solution  of 


sulphuric  acid,  which  makes  it  necessary  to  keep  the  zinc 
element  z  well  amalgamated.  This  is  accomplished  in 
the  following  manner:  The  zinc  is  cast  in  the  form  shown 
in   Fig.  16,  around  an  amalgamated   copper-wire   terminal. 


§7  PRIMARY  BATTERIES  51 

The  hollow  space  is  then  filled  with  melted  zinc  amalgam, 
which  is  of  such  a  composition  that  it  becomes  quite  solid 
when  cold.  When  the  zinc  element  is  first  placed  in  the 
electrolyte,  there  will  be  some  local  action  on  the  amalga- 
mated zinc,  but  the  mercury  soon  spreads  over  the  entire 
surface  of  the  element  and  further  local  action  is  stopped. 
This  method  of  amalgamation  is  more  effectual  than  simple 
surface  amalgamation.  The  E.  M.  F.  of  the  Harrison  cell  is 
about  2.5  volts. 

In  place  of  the  dilute-sulphuric-acid  electrolyte,  acid  sul- 
phate of  potassium  or  sodium  (bisulphate  of  potash  or 
soda)  may  be  used  with  good  results.  In  any  case  the 
electrolyte  must  be  pure  or  local  action  will  take  place  in 
spite  of  good  amalgamation.  This  may  be  due  to  the 
deposition  of  electronegative  elements  on  the  zinc  from 
the  impurities  in  the  electrolyte.  Such  elements  as  iron, 
arsenic,  and  selenium,  which  do  not  amalgamate  with 
mercury,  are  especially  harmful  in  the  electrolyte.  If 
these  impurities  get  into  the  cell,  the  trouble  may  be 
remedied,  after  they  are  all  separated  on  the  zinc,  by 
removing  this  electrode  and  scrubbing  off  the  impurities 
with  clean  water. 

The  equations  expressing  the  reactions  in  this  cell  are: 
Zn  +  H^SO^  =  ZnSO.  +  /^.,  at  the  anode;  PbO^  +  H^SO^  +  H^ 
=  PbSO^  +  2/^,(9,  at  the  cathode. 


CHLORIDE    I>£POlJVRIZEBS 

57.  The  principal  chlorides  used  as  depolarizing  agents 
are  the  chlorides  of  mercury  and  silver.  If  the  carbon  of  a 
zinc-ammonium  chloride-carbon  cell  be  placed  in  a  porous 
cup  and  surrounded  with  a  paste  of  mercurous  chloride,  the 
chemical  action  is  as  follows:  The  ammonium  chloride 
attacks  the  zinc,  forming  zinc  chloride  and  freeing  ammonia 
and  hydrogen,  which  attack  the  mercurous  chloride  and 
reform  ammonium  chloride,  leaving  free  mercury  at  the 
negative  pole.  The  ammonium-chloride  solution  is  thus 
kept   at   its   full  strength  until  the  mercurous  chloride   is 
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entirely  exhausted,  and  the  hydrog^en  is  recombined  as 
fast  as  formed.  Such  a  cell  has  an  E.  M.  F.  of  1,45  volts, 
which  is  maintained  as  long  as  the  depolarizer  lasts,  if 
excessive  currents  are  not  used. 


68.  In  cells  employing^  chloride  of  silver  as  a  depolarizer 
a  silver  wire,  or  plate,  coated  with  silver  chloride  is  used 
for  the  negative  element.  The  positive  element  is  usually 
zinc,  and  the  electrolyte  a  dilute  solution  of  one  of  the 
chloride  salts.  With  ammonium  chloride,  the  E.  M.  F.  is 
1.03  volts;  with  zinc  chloride,  1.02  volts;'  and  with  sodium 
chloride  (common  salt),  .97  volt.  The  chemical  reactions 
may  usually  be  represented  by  the  following  equations 
when  the  electrolyte  is  ammonium  chloride:  Zn  +  2JV//^Cl 
=  ZfiCl,  +  2 AW.  and  2N//.  +  2A,^C/  =  2NHXI  +  2Ag.  If 
the  cell  is  worked  hard,  the  reactions  are  more  complicated 
and  a  gas  is  liberated. 

While  silver-chloride  cells  do  not  polarize  much  and 
recover  promptly,  they  can  be  used  to  furnish  only  very 
small  currents.  They  deteriorate  in  standing,  are  expensive 
on  account  of  the  silver  required,  and  are  apt  to  be  trouble- 
some and  unreliable.  They  have  been  used  by  physicians 
and,  in  a  compact  form,  for  testing  purposes  in  connec- 
tion with  portable  testing  sets. 


OTHER  DEPOLARIZERS 

69.  The  various  sulphates  of  mercury  that  are  used  as 
depolarizers  are  mercuric  sulphate y  vicrciirotis  sulphate^  and  a 
sulphate  containing  a  still  higher  percentage  of  mercury, 
known  as  iiirbiih  (or  turpeth)  mineral.  Either  sulphate 
may  be  used  in  the  zinc-dilute  sulphuric  acid-carbon  cell 
without  materially  affecting  the  E.  M.  F.,  which,  under  these 
circumstances,  is  1.3  to  1.5  volts.  These  sulphates,  being 
slightly  soluble,  are  usually  employed -in  the  form  of  a  paste, 
made  with  water  or  the  exciting  liquid.     In  ordinary  work 
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the  mercury  sulphates  are  not  extensively  used,  not  only  on 
account  of  the  high  cost  of  these  salts,  but  because  of  their 
poisonous  qualities.  Still,  these  sulphates  are  excellent 
depolarisers,  and  are  used  in  standard  cells. 


STANDARD  CEIiliS 

60.  standard  cells  are  primary  cells  that  have  a  defi- 
nite and  accurately  known  E.  M.  F.  Of  the  large  number 
of  cells  that  have  been  made  or  suggested,  only  a  few  can 
meet  the  requirements  for  a  standard  E.  M.  F.  The  prin- 
cipal requirements  are  that  they  must  be  readily  reproduced 
and  preferably  portable  also,  and  always  give  the  same 
E.  M.  F.  under  a  given  set  of  conditions;  the  change  of 
E.  M.  F.  with  the  change  in  the  conditions  (change  in  tem- 
perature, etc.)  must  be  accurately  known  and  the  smaller  the 
change  the  better.  A  portable  standard  cell  is  one  so  con- 
structed that  it  may  be  shipped  and  even  inverted  for  short 
periods  without  injury.  Standard  cells  are  usually  made 
small  in  size  and  are  otherwise  designed  for  comparison  of 
E.  M.  F.  rather  than  to  give  a  current.  In  fact,  it  is  usual 
to  have  a  high  resistance  in  series  with  the  cell  so  that  only 
a  minute  current  can  be  obtained  from  it,  otherwise  a  slight 
polarization  may  result  and  appreciably  change  the  E.  M.  F. 
In  the  so-called  null  methods  of  measurement  this  high 
resistance  is  not  absolutely  necessary  because  no  current  is 
taken  from  the  cell,  but  it  is  always  advisable  to  use  a 
high  resistance  to  prevent  injury  to  the  cell  from  accidental 
short  circuits. 

The  use  of  such  a  cell  is,  briefly,  as  follows:  A  cell  made 
according  to  directions  will  have  a  known  E.  M.  F.  A  cell 
— or  other  source  of  current — of  unknown  E.  M.  F.  may  be 
compared  with  the  standard  cell,  and  the  ratio  between  the 
two  E.  M.  F.'s  determined.  The  unknown  E.  M.  F.  can 
then  be  calculated.  A  number  of  standard  cells  have  been 
devised  but  only  three  types  are  used  to  any  extent;  these 
are  the  Clark,  Weston,  and  Daniell  types. 
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61.     In   the   lAtlmer-Clark  cell,   now   known  as  the 
Clark  cell,  the  positive  and  negative  electrodes  are  of  zinc 
and  mercury,  respectively;  the  electrolyte  is  a  solution  of 
zinc  sulphate  in  distilled  water,  two  parts,  by  weight,  of  zinc- 
sulphate  crystals  to  one  part  of  water;  and  the  depolarizer 
is  a  paste  of  mercurous -sulphate  and  zinc-sulphate  solution. 
The  cell  is  usually  made  in  the  form  shown  in  Pig.  17,  when 
portability   is    desirable.     The    H-shaped   vessel,  like   that 
shown  in  Fig.  20,  is  considered  a  better  standard  form  but 
is  not  so  portable.     The  E.  M.  F. 
of  a  carefully  prepared  cell  varies 
with  the  temperature,  and  in  order 
to  obtain  the  correct  value  at  any 
temperature   other   than   15°,  the 
j^^^^^  given  value  must  be  increased  or 

*•**•  *•-  decreased  by  a  certain  per  cent,  per 

degree  variation  in  the   tempera- 
ture.   The  variation  of  the  E.M.F. 
*«  per  degree  centigrade  is  called  the 

temperature   eoeffuient.      It    varies 
*"*  for  each  type  of  cell  and  even  for 

^^- "  cells  of  the  same  kind,  having  dif- 

ferent densities  of  electrolyte.  The  formula  showing  vari- 
ation of  E.  M.  F.  with  changes  in  temperature  for  the  Clark 
cell  is 

E,  =  E„  -  .00119  (/  ~  15°)  -  .000007  (/  -  IS")'  (1) 

E,  is  the  E.  M,  F,  for  any  temperature  /,  and  E^,  is  the 
E.  M.  F.  of  the  cell  at  15°  C.  The  latest  reliable  deter- 
minations seem  to  show  that  the  E.  M.  F.  at  16°  C.  is 
1,4333  volts,  but  1.434  volts  is  legalized  by  many  nations. 

Take  a  specific  case  in  which  it  is  desired  to  know  the 
E.  M.  F.  of  the  Clark  cell  at  20°  C.  Substituting  the  known 
values  in  the  above  formula,  we  have  E,  =  1.433  —  .00119 
(20  —  15)  or  E,  =  1.427  volts.  In  this  calculation  it  was 
not  necessary  to  consider  the  part  of  the  equation,  —  .000007 
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{/ —  16°)',  because  the  quantity  is  too  small  to  affect  the 
third  decimal  in  the  result. 

Desiring  the  E.  M.  F.  at  0°  C,  we  have,  by  substitution, 
R.  =  1.4333  -  .00119 (0 -  15)  -.000007  (0 -  15)'  =  1.450  volts. 

The  greatest  accuracy  is  demanded  in  the  construction  of 
this  cell  and  in  the  determination  of  its  temperature  coeffi- 
cient, because  the  cell  is  used  as  a  standard  in  the  meas- 
urement of  unknown  E.  M.  F.'s.  It  is  used  to  supply 
only  very  minute  currents;  so  it  is  made  of  conveniently 
small  size.  This  ceil  is  very  valuable  on  account  of  its 
constancy,  but  its  change  with  temperature  makes  it  some- 
what difficult  to  use  with  great  precision,  as  thermometers 
are,  as  a  rule,  not  very  exact,  their  measurements  depending 
largely  on  their  physical  condition.  For  a  standard  cell  its 
temperature  coefficient  is  rather  large. 

CARHABT>CLA.IIK    STANDARD    CELL 

62.  The  Carhart- Clark  etandard  coll  is  a  modifica- 
tion of  the  Clark  cell,  the  materials  used  being  the  same  except 
that  the  zinc-sulphate  solution  is 
saturated  at  0°  C.  instead  of  at  30°, 
as  in  the  Clark  cell.  Since  there  is 
no  crystallization  or  redissolving 
of  crystals  above  0°  C,  there  is 
little  or  no  change  in  the  density 
of  the  zinc-sulphate  solution  at 
ordinary  temperatures,  and  as  a 
result  the  temperature  coefficient  of 
this  cell  is  Only  about  one-half  that 
of  the  Clark  cell.  The  change  in 
E.  M.  F.  of  the  Carhart-Clark  cell 
with  variation  in  temperature  is 
expressed  by  the  formula: 
.£■,  =  ^,.-. 00056  (/- 15°)  (2) 

The  Carhart-Clark  cell  usually  i^c-M 

has  an  E.  M.  F.  at  15°  C.  of  1.440  volts,  but  this  value  is 
always  stated  on  the  certificate  that  accompanies  the  eel). 
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A  portable  Carhart-Clark  standard  cell  is  shown  in  Fig.  18. 
A  glass  tube  surrounding  the   stem  of   the  pure  cast-zinc 
electrode  prevents  local  action  between  the  top  and  bottom 
of  the  stem  should  there  be  even  a  slight  difference  in  the 
density  of  the  zinc-sulphate  solution  between  the  top  and 
bottom  of  it.     The  asbestos,  which  is  very  carefully  purified, 
together  with  the  shape  of  the  zinc  makes  the  cell  perfectly 
portable  by  preventing  the  possible  mixing  of  the  paste  and 
the  solution.     Carhart  says  the  cell  is  sealed  with  a  com- 
pound of  gutta  percha  and  Burgundy 
pitch,  with  enough  balsam  of  fir  added 
to  make  the  compound  flow  when  hot, 
and  that  above  this  it  is  advantageous 
to  put  a  mixture  of  powdered  glass  and 
sodium  silicate.    The  Carhart-Clark  cell 
is    not    injured    by    being    temporarily 
inverted  and  will  stand  shipping.    It  has 
the  advantages  of  being  more  portable, 
due  to  its  construction,  and  of  having  a 
much  lower  temperature  coefficient  than 
the  Clark  cell. 

An  exterior  view  of  a  case  contain- 
ing a  portable  standard  cell  is  shown  in 
Fig.  19.     Usually  a  graphite  resistance 
of  about  10,000  ohms  is  permanently 
connected  in  series  with  the  cell  and 
placed  in  the    same   case,  so    the  cell 
may  not  be  injured  by  accidental  short- 
circuiting.     For  convenience  in  taking  the  temperature  of  the 
cell,  a  small  thermometer  is  fastened  to  the  cover  and  pro- 
jects into  the  cell.     The  thermometer  is,  when  sold  with  the 
cell  and  case,  bent  so  as  to  lie  along  the  cover  to  lessen  the 
liability  of  breaking. 

It  is  quite  common  to  put  two  standard  cells  in  one  case, 
with  separate  binding  posta  and  carbon  resistances  for  each 
cell.  Then  one  cell  can  be  used  to  check  the  other,  and  thus 
any  relative  change  in  the  E.  M,  F.'s  of  the  two  cells  may  be 
readily  detected. 
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WESTON    CAnMIUM    CELL 

63.  A  standard  cell  has  been  designed  by  Mr.  Edward 
Weston  that  resembles  the  Clark  cell,  except  that  cadmium 
and  cadmium  sulphate  are  used  instead  of  zinc  and  zinc 
solphate.  The  chief  advantage  of  the  cadmium  standard  cell 
is  its  very  low  temperature  coefficient,  .00004  volt  per  degree 
centigrade.  When  there  is  an  excess  of  cadmium-sulphate 
crystals,  so  that  the  solution  is  saturated  at  all  temperatures 
between  0°  and  30°  C,  the  change  of  the  E.  M.  F.  with  temper- 
ature is  practically  negligible  and  is  usually  so  considered. 
The  cell,  as  shown  in  Fig.  20,  is  _         _ 

similar  in  shape  to  one  form  of 
standard  Clark  cell,  and  con- 
sists of  two  short  glass  tubes 
7",  7",  connected  together  by  a 
short  tube  S.  In  the  bottom  of 
the  tubes  are  ihe  elements  P,  jV, 
to  which  connection  is  made  by 
means  of  platinum  wires  If,  W, 
which  are  sealed  into  the  glass. 
It  may  be  made  in  a  portable 
form  resembling  Fig.  18.  For 
the  positive  element,  the  metal 
cadmium  in  the  form  of  an  amal- 
gam is  used;  and  for  the  nega- 
tive element,  pure  mercury  in 
contact  with  a  mixture  of  mer- 

curous  and  cadmium  sulphates.  The  electrolyte,  which  fills 
the  vessel  so  as  to  connect  the  two  limbs,  is  a  saturated 
solution  of  cadmium  sulphate,  with  an  excess  of  cadmium- 
sulphate  crystals  added  to  insure  its  remaining  saturated  at 
all  ordinary  temperatures.  The  tops  of  the  tubes  are  fitted 
with  corks  C,  C,  which  are  afterwards  sealed  in  place,  pref- 
erably with  some  resinous  compound.  The  elements,  being 
in  a  semiliquid  condition,  are  each  kept  in  place  by  a  piece 
of  cloth  F,  with  a  perforated  cork  .'/  laid  over  it.  When  this 
is  forced  down  the  tube  to  the  surface  of  the  element,  the 
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cloth  keeps  the  element  in  place,  and  the  cork  holds  the  cloth, 
the  perforations  allowing;  free  access  of  the  liquid  to  the 
elements.  For  this  cell  with  an  excess  of  crystals  to  pre- 
serve saturation  the  formula  is  as  follows: 
E,  ==  E,.  -  .00003S  (/  -  20°)  -  .00000065  (/  -  20°)'  (3) 
The  E.  M.  F.  at  20'^  C.  was  formerly  considered  to  be 
1.019,  but  more  recent  determinations  give  1.0187  volts. 
This  cell  is  considered  as  about  the  best  standard  cell  by 
Professor  Carhart  and  many  others. 


9TANDABD    DANIELL    CELL 

-64.     The  standard  Danlell  coll  is  easy  to  set  up  but 
has  the  disadvantage  of  not  being  portable  and  having  to  be 
made  up  fresh  when  used.    It  usually  consists  of  a  U-shaped 
glass   tube,  mounted  on   a   wooden   base;    copper-sulphate 
solution  is  poured  into  one  limb  of  the  lube  and  zinc-sulphate 
solution    into   the   other.     The  pouring   must   be  carefully 
done  so  that  the  solutions  will  not  mix.     A  copper-wire  elec- 
trode is  inserted  in  the  copper-sul- 
■  phate  solution  and  an  amalgamated 
rod  of  pure   zinc  in   the   zinc-sul- 
OW  phate  solution.     The  copper  wire 

may  be  of  commercial  copper  but 
must  have  a  fresh  surface  of  cop- 
per electroplated  on  it  before  use. 
A,  The  zinc-sulphate  and  the  cop- 

per-sulphate   solutions   may   be 
equidense,  each  having  a  specific 
gravity   of    1,2   at   15°   C,  or  a 
zinc- sulphate   solution   of   specific 
gravity  1.4  may  be  used  with  a  copper- sulphate  solution  of 
specific  gravity  1.1  at  15°  C.    Other  strengths  might  be  used, 
but  the  ones  just  given  are  most  frequently  employed.     The 
equidense  solutions  are  prepared  by  dissolving  28.25  parts  of 
pure  crystallized  copper  sulphate  in  71.75  parts  of  distilled 
water,   and  32  parts  of   zinc-sulphate  crystals   in  68  parts 
of  distilled  water  (all  parts  by  weight).     The  zinc-sulphate 
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solution  of  specific  gravity  1.4  contains  55.5  parts  of  zinc- 
sulphate  crystals  dissolved  in  44.5  parts  of  distilled  water; 
and  the  copper-sulphate  solution  of  specific  gravity  1.1  con- 
tains 16.5  parts  of  the  pure  crystals  dissolved  in  83.5  parts  of 
distilled  water.  Using  the  equidense  solutions,  the  E.  M.  F. 
of  the  cell  is  1.102  volts,  and  using  the  other  set  of  solutions 
given,  the  E.  M.  F.  of  the  cell  becomes  1.072  volts.  These 
values  are  for  freshly  made  up  cells.  After  the  cells  have 
stood  for  about  an  hour,  the  values  increase  by  about  .003 
volt.  The  E.  M.  F.  of  this  cell  falls  about  .00015  volt  per 
degree  centigrade  rise  in  temperature. 

It  is  sometimes  more  convenient  to  make  the  cell  in  an 
ordinary  glass  vessel,  as  shown  in  Fig.  21.  The  electrodes 
are  in  the  form  of  disks  and  the  solutions  used  are  generally 
the  equidense  solutions  described  above.  The  copper  wire  n 
running  to  the  zinc  disk  z  is  insulated  with  glass  tubing  or 
rubber,  where  it  passes  through  the  solutions.  The  two 
solutions  must  be  poured  into  the  vessel  so  that  they  will 
not  mix  with  each  other.  To  accomplish  this,  half  fill  the 
vessel  with  zinc-sulphate  solution;  then  place  on  this  solu- 
tion a  disk  of  stiff  note  paper.  By  carefully  pouring  the 
copper-sulphate  solution  through  a  funnel,  the  tip  of  which 
nearly  touches  the  note  paper,  the  paper  gradually  rises  and 
leaves  the  two  solutions  one  above  the  other  with  a  distinct 
boundary  line  between  them.  The  copper  plate  c  is  sup- 
ported by  two  or  three  copper  wires  p,py  one  of  which  may 
be  used  for  the  positive  terminal  of  the  cell.  These  wires 
must  not  be  fastened  to  the  plate  with  solder,  but  preferably 
with  copper  rivets.  For  ordinary  work  it  will  be  sufficiently 
accurate  to  call  the  E.  M.  F.  1.1  volts  and  neglect  the  tem- 
perature coefficient. 
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APPLICATION  OF  PRIMART  BATTERIES 

65.  Primary  batteries  as  sources  of  electrical  energy  are 
used  mainly  in  cases  where  a  current  is  required  very  inter- 
mittently, such  as  in  ringing  bells,  lighting  gas,  operating 
telephone  transmitters,  etc.,  or  where  a  small  but  steady 
current  is  required  for  long  periods  of  time,  as  in  telegraphy, 
fire-alarms,  and  railway  signals,  or  for  laboratory  and  test- 
ing purposes.  Their  general  use  on  a  large  scale,  as  sources 
of  electrical  energy  for  lighting  or  power  purposes,  is  pro- 
hibited, at  least  at  present,  by  the  comparatively  great  cost 
of  the  material  consumed  and  the  expense  of  installation  and 
maintenance.  For  example,  the  bichromate  battery  is  about 
the  cheapest  in  point  of  cost  of  materials  consumed,  and  in 
this  the  materials  alone  would  cost  28  cents  per  horsepower- 
hour  on  a  large  scale,  while  the  total  cost  of  electrical 
energy,  using  dynamos,  is  about  1  to  3  cents  per  horse- 
power-hour, ordinarily,  and  in  many  cases  is  muich  less. 
The  cost  of  material  in  the  silver-chloride  battery  is  about 
$75  per  horsepower-hour.  In  this  cell,  however,  there  is  a 
valuable  by-product  (silver),  which  would  reduce  the  cost 
considerably.  This  high  cost  of  power  does  not,  however, 
prevent  batteries  from  being  largely  used  for  certain  pur- 
poses. In  such  cases,  the  cost  of  materials  consumed  in 
producing  the  electrical  energy  is  entirely  offset  by  the  little 
attention  required  and  the  constancy  of  the  source  of  supply; 
and  in  many  cases  where  current  is  used  intermittently,  the 
cost  of  the  current  from  a  battery  in  which  the  materials  are 
consumed  only  as  the  current  is  used  would  actually  be  less 
than  the  cost  of  the  power  for  driving  an  equivalent  dynamo 
all  the  time.  In  large  central  offices,  where  the  current 
required  represents  a  considerable  amount  of  energy,  dyna- 
mos or  storage  batteries  are  replacing  primary  batteries 
to  a  large  extent  on  account  of  the  saving  in  space  and  in 
cost  of  maintenance.     For  telegraph  and  fire-alarm  work, 
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gravity  batteries  of  the  Darnell  type  are  commonly  used  in 
the  United  States,  as  they  possess  the  advantag^es  of  long 
life  and  little  attention.  For  telephone  work,  the  current 
supplied  by  the  battery  is  small,  and  almost  any  good  cell 
in  which  there  is  no  local  action  and  in  which  the  depolariza- 
tion is  complete  (at  least  for  small  currents)  will  give  good 
results.  The  E.  M.  F.  required  is  1.5  to  3  volts;  consequently, 
in  some  cases  single  cells  may  be  employed;  Leclanch^, 
and  dry  cells  are  the  most  extensively  used.  Storage  bat- 
teries at  the  central  exchanges  are,  to  a  considerable  extent, 
replacing  primary  batteries  formerly  located  with  the  telephone 
instruments.  In  fire-alarm  work  a  steady  current  of  (usually) 
.04  ampere  is  used,  the  potential  varying  with  the  length  of 
the  circuit.  Daniell  gravity  cells  are  used  largely  in  this 
work,  the  zinc  being  made  large  and  heavy  to  insure  long 
life  and,  consequently,  little  attention.  Gordon  cells  are  also 
used  to  a  considerable  extent  in  this  work,  and  in  other  sig- 
nal systems  as  well.  Several  systems  of  block  signaling  on 
lines  of  railroads  also  employ  electrical  devices  of  such  a 
character  that  Gordon,  Edison-Lalande,  and  Daniell  gravity 
cells  are  well  suited  and  are  quite  extensively  used.  Another 
important  application  of  batteries  is  in  gas-engine  ignition. 
For  this  work  dry  cells  are  often  the  most  suitable.  A  cell 
of  rather  large  size,  such  as  the  Eclipse  made  by  the  New 
Excelsior  Dry  Battery  Manufactory,  is  required.  Storage 
batteries  are  replacing  primary  batteries  to  some  extent  for 
ignition  purposes. 

Many  devices  require  the  application  of  a  current  inter- 
mittently; some,  such  as  electric  bells  and  other  signals, 
electric  gas-lighting  apparatus,  and  the  like,  are  used 
infrequently  and  irregularly,  and  the  amount  of  electricity 
required  is  small,  so  that  almost  any  voltaic  cell  will  do, 
depolarizing  or  not,  provided  that  there  is  no  local  action  to 
cause  waste  when  not  in  use.  Therefore,  cells  with  liquid 
depolarizers  are  not  well  adapted  to  this  work,  as  in  the 
long  periods  in  which  these  cells  are  not  called  on  to 
furnish  current  the  two  liquids  will  mix  and  usually  cause 
local  action.     The  cells  most  used  for  this  work  are  the 
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various  zinc-carbon  batteries  with  solid  depolarizers;  of  the 
latter,  some  form  of  Leclanch^,  or  dry  cell  usually  gives 
the  best,  results.  In  hotels  and  large  buildings  where  the 
bell  or  signal  service  is  practically  continuous,  depolarizing 
cells  are  required,  such  as  large  Leclanch^  cells,  bichro- 
mates (with  separate  fluids),  if  of  good  modem  construc- 
tion, Edison-Lalande,  Gordon,  and  the  like. 

66.  Electric  currents  are  much  used  in  physicians'  and 
surgeons'  offices;  currents  of  a  few  milliamperes  in  strength, 
but  of  from  75  to  100  volts  E.  M.  F.  are  applied  for  curative 
purposes,  while  currents  of  10  to  20  amperes  in  strength  are 
used  for  heating  cautery  loops  in  surgical  operations  and 
for  operating  Roentgen  ray  induction  coils,  requiring  an 
E.  M.  F.  of  from  4  to  16  volts.  Miniature  incandescent 
lamps,  usually  operated  from  the  battery  that  furnishes  cur- 
rent for  the  cautery,  are  also  used  to  examine  the  interior  of 
the  body.  The  first  appliance  obviously  requires  a  large 
number  of  cells  of  a  small  size.  For  occasional  use,  and 
when  first  cost  is  not  such  an  object  as  compactness,  a 
battery  of  small  silver-chloride  cells  is  sometimes,  but  not 
now  often,  used;  while  for  more  frequent  use,  requiring 
larger  cells,  some  cheaper  form  of  depolarizing  cell  is  used. 
Obviously,  if  the  cells  selected  have  high  E.  M.  F.  (say 
2  volts),  a  smaller  number  will  be  required  than  if  the  cells 
are  of  a  low  E.  M.  F.;  however,  the  regulation  of  the  cur- 
rent that  is  obtained,  in  some  instances,  by  switching  in  or 
out  of  some  of  the  cells,  will  be  more  uniform  and  gradual 
if  the  E.  M.  F.  of  each  cell  is  low.  Many  physicians  arfe 
now  deriving  all,  or  nearly  all,  their  current  from  lighting 
and  power  circuits. 

For  furnishing  the  larger  currents  for  cautery  work,  large 
cells  should  be  selected,  those  that  are  so  arranged  as  to 
have  a  minimum  internal  resistance  being  best.  As  the  use 
of  porous  cups  in  a  cell  increases  the  internal  resistance 
largely,  cells  that  employ  them  are  not  well  suited  for  this 
work.  Bichromate  cells  are  very  convenient  for  this  pur- 
pose, as  their  internal  resistance  is  low  and  the  E.  M.  F. 
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high  and  steady.  It  is  usually  convenient  to  use  the  form 
of  bichromate  cell  in  which  the  elements  are  raised  from  the 
liquid  when  the  cell  is  not  in  use,  as  the  purpose  for  which 
the  current  is  used  involves  personal  and  immediate  atten- 
tion to  all  parts  of  the  apparatus.  Edison-Lalande  and 
Gordon  cells  are  also  well  adapted  to  work  of  this  kind. 

The  most  extensive  application  of  cells  of  the  Bunsen 
type  is  to  electroplating  and  similar  work,  and  cells  of 
large  size  are  made  especially  for  this  purpose.  Such 
work  being  usually  carried  on  in  establishments  espe- 
cially fitted  up  for  the  purpose,  the  various  unpleasant 
features  of  the  Bunsen  cell,  which  makes  them  objection- 
able for  many  purposes,  may  be  readily  provided  for,^  and 
their  high  and  constant  E.  M*  F.  utilized* 

67.  The  minor  applications  of  primary  batteries  are 
almost  inntmierable.  A  study  of  the  requirements  of  such 
cases  will  usually  determine  the  best  type  of  cell  to  use,  but 
attention  should  also  be  paid  to  the  mechanical  construction 
of  the  cells  selected,  as  on  this  point  often  depends  their  life 
and  suitability  for  the  work  they  are  called  on  to  do. 

The  binding  posts  should  be  firmly  and  substantially  fixed 
to  the  elements,  and  should  be  thoroughly  protected  from 
possible  contact  with  the  electrolyte,  as  the  resulting  action 
will  so  corrode  the  joint  between  the  two  as  to  destroy  the 
contact,  besides  possibly  eating  away  the  connecting  wires 
and  breaking  the  circuit.  Of  the  material  of  the  positive 
element,  as  much  as  possible  should  be  below  the  level  of 
the  liquid,  as  when  that  is  consumed  the  remainder  must  be 
thrown  away,  and  this  may  represent  a  considerable  loss. 
Altogether,  the  cell  should  be  substantial  and  compact,  not 
liable  to  local  action,  and  arranged  so  that  its  parts  may  be 
readily  renewed  with  the  least  possible  waste. 

In  general,  it  must  be  remembered  that  the  consumption  of 
material  in  a  primary  cell  (assuming  no  local  action)  is  pro- 
portional to  the  output  in  ampere-hours.  The  continuous 
output  in  watts  depends  not  only  on  the  amount  of  materials 
consumed,  but  on  the  E.  M.  F.  of  the  cell  and  its  internal 
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resistance,  so  that,  other  things  being  equal,  the  higher  the 
E.  M.  F.  of  a  cell  and  the  lower  its  internal  resistance,  the 
greater  is  its  output,  in  watts,  for  a  given  cost  of  materials. 
As  stated,  the  most  economical  metal  to  use  for  the  positive 
element  is  zinc,  and  the  amount  of  zinc  consumed  in  a  cell 
may  be  readily  determined  from  the  output  in  ampere-hours 
and  the  chemical  equivalent  of  zinc  (again  assuming  no  local 
action);  but  to  find  the  total  cost  of  the  energy,  to  this  must 
be  added  the  cost  of  the  depolarizer  consumed,  if  any,  and 
the  cost  of  labor  in  renewing  the  materials  and  caring  for 
the  cells.  The  substances  resulting  from  the  chemical  actions 
that  take  place  often  have  a  market  value;  usually,  however, 
the  expense  of  collecting  or  preparing  such  substances  for 
sale  will  be  greater  than  the  price  they  will  bring,  so  that  in 
ordinary  cases  this  should  not  be  taken  into  account. 

It  is  evident  that  all  the  E.  M.  F.  of  a  cell  is  not  available 
for  sending  a  current  through  the  external  circuit,  but  that  a 
part  is  expended  in  overcoming  the  internal  resistance.  If 
the  resistance  of  the  external  circuit  is  very  great,  this  drop 
is  of  little  importance;  while  if  the  external  resistance  is 
very  small,  the  internal  resistance  practically  determines  the 
amount  of  current  flowing. 

The  various  methods  of  connecting  the  cells  to  form  a 
battery,  in  parallel,  series,  or  parallel  series,  have  been  given 
in  another  Section,  but  a  little  more  on  this  subject  will  not  be 
out  of  place  here.  

CONNECTING  CEIiliS  TOGETHER 

68.  Cells  In  Parallel. — Joining  similar  cells  in  parallel 
amounts  to  the  same  thing  as  using  larger  plates  in  a  single 
cell,  as  can  be  seen  by  referring  to  Fig.  22.  In  Fig.  22  (c) 
Zy  z  are  positive  elements  or  plates  (negative  terminals)  of 
two  similar  cells  and  r,  c  the  negative  elements  or  plates 
(positive  terminals)  in  the  same  cells.  Since  all  the  positive 
plates  are  joined  together  by  conductors  when  in  parallel, 
the  plates  might  as  well  be  joined  together  directly  and 
placed  in  one  vessel  as  shown  in  Fig.  22  {b)  (without  wires) 
as  far  as  the  result  is  concerned.     If  all  the  plates  of  one 


§7 


PRIMARY  BATTERIES 


65 


kind  are  joined  together  end  to  end,  the  result  is  one  plate 
of  twice  the  area  of  a  plate  of  a  single  cell;  when  the  plates 
are  so  joined,  it  is  more  convenient  to  place  them  in  a  single 
cell.  Since  the  resistance  of  a  cell  varies  inversely  as  the 
area  of  the  plates,  because  the  area  of  a  plate  is  equivalent 
to  the  sectional  area  of  the  liquid  across  which  the  current 
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flows;  the  resistance  of  the  large  cell.  Fig.  22  (^),  or  that  of 
the  two  small  cells  joined  in  parallel,  Fig.  22  (c),  will  be  one- 
half  that  of  one  of  the  small  cells  acting  alone,  Fig.  22  («). 
Since  the  two  cells  joined  in  parallel  are  equivalent  to  a 
single  cell  having  plates  twice  the  size,  the  two  cells  in 
parallel  will  naturally  have  the  same  E.  M.  F.  as  the  single 
large  cell,  which  is  the  same  as  that  of  one  of  the  small 
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ones.  Hence,  any  number  of  similar  cells  joined  in  parallel 
will  have  the  same  E.  M.  F.  as  a  single  cell  no  matter  what 
its  size  may  be,  but  a  resistance  equal  to  that  of  one  cell 
divided  by  the  number  of  cells. 

69.     Cells  In  Series. — Fig.  23  shows  two  cells  joined  in 
series.     Not  only  are  the  E.  M.  F.'s  of  the  cells  united,  but 
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their  resistances  also.  Since  the  current  has  to  go  through 
both  resistances  one  after  the  other,  the  length  of  the  fluid 
column  is  doubled  and  consequently  the  resistance  also. 
Hence,  when  similar  cells  are  joined  in  series,  the  resistance 
must  be  that  of  one  cell  multiplied  by  the  number  of  cells. 
Furthermore,  the  E.  M.  F.  of  each  cell  is  superimposed 
on  that  of  the  others  in  the  series,  and  therefore  the 
total  E.  M.  F.  of  the  battery  is  equal  to  the  sum  of  all  the 
E.  M.  F.'s;  or,  in  the  case  of  similar  cells,  is  the  E.  M.  F.  of 
one  cell  multiplied  by  the  number  of  cells. 

In  Fig.  24,  the  cells  of  Fig.  22  (a)  and  (d)  are  joined  in  the 
manner  indicated.  There  will  be  no  current,  because  the 
E.  M.  F.  of  each  cell  is  the  same  and  acting  in  opposition  to 
each  other.  That  one  cell  is  much  larger  than  the  other 
does  not  alter  this  fact.  The  arrows  indicate  the  direction 
in  which  the  E.  M.  F.'s  tend  to  send  a  current. 

Example  1. — If  the  E.  M.  F.  of  each  cell  in  Fig.  23  is  1. 1  volts  and 
the  internal  resistance  of  each  cell  is  .6  ohm,  what  will  be  the  E.  M.  F. 
and  the  internal  resistance  of  the  battery? 

Solution.— The  E.  M.  P.  of  the  battery  will  be  1.1  X  2  =  2.2  volts. 

Ans. 
The  internal  resistance  of   the  battery  will  be  .6  X  2  =»  1.2  ohms. 

Ans. 
Example  2. — If  the  E.  M.  P.  and  internal  resistance  of  each  cell  in 
Fig.  22  (c)  is  1.1  volts  and  .6  ohm,  respectively,  what  will   be  the 
E.  M.  F.  and  the  internal  resistance  of  the  battery? 

Solution. — The  E.  M.  F.  of  the  battery,  since  similar  cells  are 
joined  in  parallel,  will  be  equal  to  that  of  one  cell,  namely,  1.1  volts. 

Ans. 
The  internal  resistance,  since  the  total  area  of  two  similar  plates 

joined  together  is  twice  that  of  one  plate,  will  be  ^  =  .3  ohm.    Ans, 

70.  If  several  cells,  all  of  the  same  size  and  kind,  are 
connected  in  series,  their  total  internal  resistance  will  equal 
the  resistance  of  one  cell  multiplied  by  the  number  of  cells, 
and  their  total  E.  M.  F.  will  equal  the  E.  M.  F.  of  one  cell 
multiplied  by  the  number  of  cells;  if  they  are  all  connected 
in  parallel,  their  total  resistance  will  be  equal  to  the  resist- 
ance of  one  cell  divided  by  the  number  of  cells,  while  their 
total  E.  M.  F.  will  be  equal  to  that  of  a  singfle  cell.     From 
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this  it  follows  that  if  the  external  resistance  is  very  small, 
increasing^  the  number  of  cells  in  series  will  not  increase 
the  cmrent  in  the  external  circuit  appreciably,  as  the  resist- 
ance increases  nearly  as  fast  as  the  E.  M.  F.;  while  if  the 
external  resistance  is  great,  increasing  the  number  of  cells 
in  parallel  will  not  appreciably  increase  the  current  flow- 
ing, as  the  total  resistance  is  not  jxmch  altered,  while  the 
E.  M.  F.  remains  the  same. 

71.  Ampere-Hour  Capacity. — It  will  now  be  seen 
that  the  ampere-hour  capacity  of  a  battery  of  several  cells 
will  be  affected  by  the  method  of  joining  them.  A  number 
of  similar  cells  taken  separately  each  have  a  certain  definite 
ampere-hour  capacity.  By  joining  the  cells  in  parallel, 
the  ampere-hour  capacity  of  the  battery  will  be  that  of  a 
single  cell  multiplied  by  the  number  of  cells  in  parallel, 
for  it  would  be  the  same  as  constructing  a  single  large 
cell  containing  an  amount  of  material  equivalent  to  that 
of  all  the  smaller  cells.  If,  however,  the  cells  are  joined 
in  series,  their  internal  resistance  increases  as  fast  as  the 
E.  M.  F.  increases  and  the  .current  from  the  series  (assu- 
ming no  resistance  in  the  external  circuit)  remains  the  same 
as  for  a  single  cell  and  the  ampere-hour  capacity  is  the 
same  for  the  series  as  for  a  single  cell. 

Let  us  consider  a  case  where  there  are  ten  cells,  each 
having  a  capacity  of  100  ampere-hours  and  an  E.  M.  F.  of 
2  volts.  When  the  cells  are  joined  in  parallel,  the  capacity 
of  the  battery  will  be  1,000  ampere-hours.  When  the  cells 
are  joined  in  series  the  capacity  of  the  battery  will  be  100 
ampere-hours.  In  the  first  case  the  E.  M.  F.  is  2  volts,  so 
that  the  battery  will  give  2,000  watt-hours;  in  the  second 
case  the  E.  M.  F.  is  20  volts,  so  that  the  battery  will  still 
give  2,000  watt-hours.  The  energy  is  the  same  in  both 
cases,  just  as  we  should  expect.  Joining  cells  differently 
does  not  change  the  amount  of  energy  that  can  be  obtained 
from  them  but  does  change  the  values  of  the  energy 
factor  (quantity  and  E.  M.  F.);  one  increases  as  the  other 
decreases. 
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72.  Current  In  a  Circuit. — According  to  Ohm's  law 
the  current  in  a  circuit  is  equal  to  the  total  E.  M.  F. 
divided  by  the  total  resistance  of  the  circuit.  The  total 
E.  M.  F.  of  a  battery  of  similar  cells  connected  in  series 
is  equal  to  the  E.  M.  F.  of  one  cell  multiplied  by  the  num- 
ber of  cells  in  series.  Thus,  if  e  is  the  E.  M.  F.  of  one  cell 
and  s  the  number  of  cells  in  series,  then  se  \%  the  total 
E.  M.  F.  of  the  battery.  The  number  of  rows  of  cells  in 
parallel  does  not  affect  this  E.  M.  F.  If  there  are  s  cells 
in  series  in  one  row  and  the  internal  resistance  of  each 
cell  is  b  ohms,  then,  evidently,  the  total  internal  resist- 
ance of  the  one  row  of  cells  v&  sb  ohms.  If  instead  of 
one  row  of  s  cells  in  series  there  are  p  rows,  each  row 
having  s  cells  in  series,  then  the  total  internal  resistance  of 

sb 
the  battery  =  — .     To  get  the  total  resistance  of  the  circuit, 

P 
the  resistance  of   the  external  circuit,    which  we  will  call 

R  ohms,  must  be  added  to  the  internal  resistance  of  the  bat- 
tery.    Doing  this  we  get  as  the  total  resistance  of  the  circuit 

V  R,    Then,  according  to  Ohm's  law,  the  current  in  the 

P 

circuit  is  given  by  the  formula: 

/  =  -^^—         (4) 

P 

Example. — Twenty-sht  cells,  each  having  an  E.  M.  F.  of  1  volt  and 
an  internal  resistance  of  2  ohms,  are  connected  so  as  to  form  2  rows 
of  13  cells  each  in  series.  If  the  terminals  of  this  battery  are  con- 
nected by  an  external  resistance  of  60  ohms:  {a)  what  current  will  flow 
through  the  external  circuit?  (b)  how  much  current  will  flow  through 
each  row  of  cells? 

Solution. — For  solving  this  example  use  the  formula: 

se 


[  = 


sb 


in  which  the  number  of  rows  p  =  2.     Since  there  are  13  cells  in  series 

13  X  1 
in  each  row,  s  =  13.      Then,  /  =  -      '  ^       -  =  18  amperes,  nearly. 

^2  -  +  «0  Ans. 
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73.     Maximum  Current. — It  has  been  proved  that  a 

maximum  current  is  obtained  from  a  given  number  of 

cells  through  a  given  external  resistance,  when  the  grouping 

of  the  cells  is  such  that  the  internal  resistance  of  the  battery 

is,  as  nearly  as  possible,  equal  to  the  external  resistance. 

sd 
That  is,  arrange  the  cells  so  that    —  is,  as  nearly  as  pos- 

P 
sible,  equal  to  J?. 

Let  us  assume  that  the  total  number  of  cells  s  X  p  ^  12, 

^  =  2,  ^  =  3,  ^  =  2.    Substituting  in  formula  4,  and  taking 

the  values  of  p  given  in  each  case,  we  get  when 

A       1       7  12X2  24  Q 

^  =  1*     -*  =  TT5 iTi^ ;;  =  TT. :;  =  -9  ampere 

(¥  X  2) -h  3      24  +  3 

Total  internal  resistance  =  12x2-^-1  =  24  ohms. 

p  =  2.    /  =  -^  ^  ^J^ —  =  -^  =  1.3  amperes 
^  (^  X  2)  -h  3       6  +  3  ^ 

Total  internal  resistance  =  6x2-7-2  =  6  ohms. 

p  =  3,    /  =  yr — -^-, =  — „ =  1.4  amperes 

(*  X  2)  -h  3       2f  -h  3 

Total  internal  resistance  =  4x2-r-3  =  2f  ohms. 

p  =  4.    /  =  -j-z — v.r — 1^  =  Ti a  =  1-3  amperes 

(ix2)  +  3       li  +  3 

Total  internal  resistance  =  3  X  2  ^  4  =  li  ohms. 

It  is  thus  seen  that  the  largest  current  is  obtained  when 
the  internal  resistance  is  2 1  ohms,  which  approaches  nearest 
to  the  value  of  the  external  resistance. 

When  the  internal  and  external  resistances  are  equal  the 
efficiency  is  only  50  per  cent,  because  half  the  energy  is 
expended  in  the  cell  itself.  The  greater  the  ratio  of 
external  to  internal  resistance  the  greater  will  be  the 
efficiency,  because  the  greater  will  then  be  the  proportion  of 
the  total  energy  expended  in  the  external  circuit.  Very 
often  it  is  not  practical,  nor  is  it  always  desirable  to  make 
the  internal  and  external  resistances  equal.  Furthermore, 
to  make  the  efficiency  very  high  would  often  require  so 
many  rows  of  cells  in  parallel  as  to  be  prohibitive  on 
account  of  the  first  cost  of  the  cells.  No  general  rules  can 
be  given  for  the  best  arrangement  or  for  the  number  of 
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« 

cells  required,  because  both  depend  too  much  on  local  condi- 
tions,  requirements,  and  cost  of  cells.  In  practice  the 
arrangfement  that  will  give  the  desired  current  with  the 
least  number  of  cells  is  the  one  most  generally  used  for 
primary  cells.  Ordinarily,  in  telephone,  telegraph,  and  fire- 
alarm  work  the  external  resistance  is  high,  while  for  ringing 
bells,  gas-lighting,  and  similar  work  the  resistance  is  low; 
batteries  for  these  purposes  should  be  grouped  accordingly. 

Example. — It  is  desired  to  connect  32  cells,  each  having  an 
E.  M.  F.  of  2  volts  and  an  internal  resistance  of  4  ohms,  in  a  series- 
parallel  group  that  will  give  the  maximum  current  through  an 
external  resistance  of  8  ohms. 

Solution. — Evidently  the  number  of  cells  in  series  in  each  row 

multiplied  by  the  number  of  rows  will  be  the  total  number  of  cells; 

32 
that  is,  32.    Hence  j  X  ^  =  32.    Then  J  =  -r-    For  a  maximum  cur- 

P 

rent  —  =  j^,  or  j  =  — —,  in  which  ^  =  4  and  -^  =»  8,  hence  s  =  ~-  =  2/. 
P  o  4 

32  32 

Since  J  =  —   and  j  =  2/,  then  evidently  —  =  2/,  from   which   we 

32 
get  16  =  /■  and  hence  /  =  4.    If  /  =  4  then  5  =  -j-  =  8.     Hence  the 

cells  should  be  connected  in  4  rows  with  8  cells  in  series  in  each  row. 

Ans. 

8x2 
This  will  give,  by  formula  4,  a  current  /  =  s-rr  ,* =  1  ampere. 

Any  other  arrangement  of  these  32  cells  will  give  less  than  1  ampere 
when  the  external  resistance  is  8  ohms. 
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TESTING   CELLS 

74.  For  a  complete  test  of  a  cell  the  following  quantities 
should  be  determined:  (1)  The  E.  M.  F.  of  the  cell  when 
the  external  circuit  is  open;  (2)  the  normal  current  it  is 
capable  of  producing;  (3)  the  internal  resistance  of  the 
cell;  (4)  polarization,  that  is,  the  amount  the  E.  M.  F.  is 
decreased  on  account  of  the  polarization  produced  when  the 
external  circuit  is  closed;  (5)  efficiency. 

75.  Electromotive  Torce. — Other  things  being  equal, 
the  higher  the  E.  M.  F.  for  a  given  consumption  of  batter^ 
materials,  the  more  efficient  is  the  cell  and  the  fewer  cells 
are  required  to  furnish  a  given  E.  M.  F.  The  consumption 
of  materials  will  usually  depend  only  on  the  quantity  of 
electricity  developed  and  never  on  the  E.  M.  F.  of  the  cell. 
The  instruments  to  be  used,  the  formulas  and  the  manner  of 
making  all  the  measurements  necessary  in  testing  cells  are 
explained  in  Electrical  Measurements. 

76.  Current. — The  cell  that  will  give  the  largest  cur- 
rent is  not  necessarily  the  best  cell  by  any  means.  The  best 
cell  to  use  will  depend  on  the  conditions  to  be  met.  One 
cell  may  give  a  very  large  current,  but  for  only  a  short  time, 
whereas  another  cell  may  give  only  a  very  small  current, 
but  will  maintain  such  a  current  for  a  very  long  time. 
There  is  a  best  current  output  for  each  cell  but  its  value  is 
rather  difficult  to  determine,  but  it  may  be  said  to  be  that 
current  for  which  the  cell  gives  the  greatest  chemical  effi- 
ciency (to  be  explained  presently),  or  for  open-circuit  cells, 
the  current  that  the  cell  will  maintain,  without  a  great  and 
sudden  decrease  in  its  value,  for  the  longest  time.  This 
determines  the  life  of  the  cell,  also. 

77.  The  internal  resistance  is  a  variable  quantity  and  for 
that  reason  it  is  not  necessary  to  attempt  its  measurement 
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with  great  accuracy.  It  varies  with  the  current  the  cell  is 
generating.  For  any  given  current  output  it  is  determined 
by  simultaneously  measuring  the  difference  of  potential 
between  the  cell  terminals  and  the  current  output  and 
then  opening  the  external  circuit  and  immediately  measur- 
ing the  E.  M.  F.  of  the  cell  on  open  circuit.  Then,  if  E  is 
the  E.  M.  F.  of  the  cell  on  open  circuit,  V  the  difference 
of  potential  across  the  cell  terminals  when  the  external 
circuit  is  closed,  and  /  the  current,  we  have  the  internal 
resistance 

h  =  ^-^         (5) 

The  lower  the  internal  resistance,  the  larger  is  the  pro- 
portion of  the  total  energy  that  is  utilized  in  the  external 
circuit  and  therefore  the  greater  is  the  electrical  efficiency  of 
the  cell.  Low  internal  resistance  is  desirable,  but  when  the 
external  resistance  is  comparatively  high  the  internal  resist- 
ance is  of  less  importance.  For  large  currents  low  internal 
resistance  is  necessary. 

78.  Polarization. — The  greatest  defect  in  most  voltaic 
cells  is  the  polarization,  but  the  purpose  for  which  the  cell  is 
to  be  used  will  determine  how  much  polarization  may  be 
allowed.  Thus  the  polarization  in  a  Leclanch6  cell  is  very 
much  greater  than  in  the  Edison-Lalande  cell,  but  when 
small  intermittent  currents  only  are  required  the  polariza- 
tion of  the  Leclanch^  cell  is  not  prohibitive  by  any  means. 
Since  the  polarization  varies  with  the  current,  it  should  be 
determined  for  the  normal  current  that  the  cell  is  intended 
to  generate.  As  polarization  is  a  variable  quantity,  it  may 
be  determined  with  sufficient  accuracy  by  first  measuring 
the  E.  M.  F.  of  the  cell  on  open  circuit,  then  close  the  cir- 
cuit through  a  resistance  that  will  give  the  desired  current. 
When  this  cuiTent  has  been  flowing  the  desired  length  of 
time,  open  the  external  circuit  and  immediately  measure 
again  the  E.  M.  F.  of  the  cell.  The  difference  between  the 
two  measurements  gives  the  amount  of  polarization  for  the 
desired  current  and  time  during  which  it  flowed. 
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Snooessive  measurements  of  E.  M.  F.  after  opening  the 
external  circuit  will  show  the  recovery  of  the  cell  due  to 
depolarization. 

79.  Efficiency. — The  chemical  efficiency  of  a  cell  is  the 
ratio  of  useful  zinc  consumption  to  total  zinc  consumption. 
The  total  zinc  consumption  may  be  determined  by  weighing 
the  zinc  before  and  after  using  the  cell  an  observed  length  of 
time.  The  useful  zinc  consumption  is  the  weight  of  zinc 
that  would  be  electrolytically  deposited  by  the  same  current 
delivered  by  the  cell  during  the  same  length  of  time  that  the 
cell  was  in  operation.  This  may  be  determined  by  calcula- 
tion from  the  observed  average  current  delivered  by  the  cell, 
the  time,  and  the  electrochemical  equivalent  of  zinc. 

The  ratio  of  the  ampere-hours  actually  obtained  from  a 
cell  to  the  ampere-hours  that  should  be  theoretically  obtained 
from  the  consumption  of  a  given  amount  of  material  is  called 
the  ampere-hour  efficiency . 

The  electrical  efficiency  of   the   cell   is   the   ratio  of    the 

energy  expended  in  the  external  circuit  to  the  total  electrical 

energy  developed,  or  to  that  expended  in  both  the  external 

and  internal  circuits.     The  ratio  of  the  watt-hours  expended 

in  the  external  circuit  to  the  total  number  of  watt-hours 

developed  by  the  cell  is  called  the  watt-hour  efficiency.     The 

energy   expended   in   the    internal    circuit    is    Pb,     In  the 

external  circuit  the  energy  expended  is  PRy  when  the  entire 

fall  of  potential  in  the  external  circuit  is  expended  in  forcing 

the  current  through  the  resistance  R^  or  it  is  /  X  V,  in  which 

V  is  the  difference  of  potential  across  the  terminals  of  the 

cell  when  the  circuit  is  closed.    /  is  the  current  in  amperes  and 

b  the  internal  resistance  in  ohms.     In  this  case  the  electrical 

^  .                    PR       ^          R  V 

efficiency  =  -zt-t,    — ^tt  =  71 ;7\  or 


P{b^R)  {b-VR)  "^  nb^R)' 
Besides  the  tests  indicated,  account  should  be  taken  of 
mechanical  defects,  unequal  corrosion  of  the  zincs,  facility  with 
which  the  cell  may  be  set  up  and  subsequently  cleansed,  cost 
of  the  cell  and  of  the  material  consumed,  and  kind  of  work  for 
which  the  cell  is  suited  and  its  probable  life  for  such  purposes. 
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TESTS  ON  OPEN-CIRCUIT  CEIXS 

80,  The  tests  applied  to  cells  depends  on  the  use  for 
which  the  cell  is  intended  and  should  approach  the  conditions 
under  which  the  cell  is  to  be  used  as  closely  as  practical.  It 
is  not  very  often  practical,  for  instance,  to  extend  a  test  on  a 
cell  over  a  year  so  as  to  fulfil  the  conditions  under  which  an 
ordinary  dry  cell  is  used.  However,  if  a  number  of  cells  of 
a  similar  type  are  all  tested  in  a  uniform  manner,  the  best 
one  for  the  purpose  can  be  selected  by  a  comparison  of  the 
results.  In  testing  open-circuit  cells  it  is  almost  customary 
to  use  an  external  resistance  of  6  ohms  or  10  ohms  and  to  plot 
curves  showing  the  variation  of  current,  internal  resistance, 

terminal  potential  dif- 
ference, E.  M.  F.  (on 
open  circuit)  with  the 
time  and  also  the  re- 
covery of  the  E.  M.  F. 
with  the  time  after 
the  test. 

In  Fig.  25  is  shown 
a  set  of  curves,  given 
by  Carhart,  who  plot- 
ted them  from  actual 
tests  made  on  a  good 
dry  cell.  The  same 
scale  of  ordinates 
applies  to  all  the  curves,  although  they  do  not  represent  the 
same  electrical  quantities.  It  will  be  seen  from  the  polari- 
zation curve  that  the  E.  M.  F.  (on  open  circuit)  falls,  due  to 
polarization,  quite  rapidly  at  first  and  then  more  gradually  to 
the  end  of  the  test.  It  does  not  fall  as  rapidly,  however,  at 
the  start  as  for  most  dry  or  Leclanch^  cells.  For  inter- 
mittent work  it  is  desirable  that  there  shall  not  be  an  exces- 
sively rapid  fall  in  E.  M.  F.  during  the  first  minute  because 
that  is  the  very  time  the  cell  is  most  used.  The  recovery  of 
the  E.  M.  F.  is  shown  for  60  minutes  after  the  main  test  by 
the  recovery  curve,  which  is  plotted  backwards;  the  scale  of 
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minutes  at  the  top  applies  only  to  this  one  curve.  It  starts, 
of  course,  where  the  polarization  curve  ends,  rises  very 
rapidly  at  first,  then  more  and  more  gradually,  but  it  does 
not  again  reach  the  initial  E.  M.  F.  of  the  cell.  The  internal 
resistance  is  low  and  the  unusually  strong  current  maintains 
its  strength  better  than  usual  for  a  cell  of  this  type. 

Although  a  short  test  of  this  kind  made  on  various  "cells 
shows  the  relative  value  of  polarization,  it  gives  no  idea  of 
the  probable  useful  life  of  the  cell,  which  is  a  very  important 
property  of  cells  used  for  intermittent  work.  All  things 
considered,  a  good  way  to  compare  the  life  of  Leclanch^  or 
similar  open-circuit  cells  is  as  follows:  Arrange  the  circuit 
so  that  the  sum  of  the  internal  and  external  resistance  shall 
be  as  near  10  ohms  (or  5  ohms,  if  this  is  nearer  the  condi- 
tions under  which  the  cell  is  to  be  used)  as  it  is  practical  to 
make  it  and,  without  going  to  an  unreasonable  amount  of 
trouble,  try  to  keep  the  total  resistance  of  the  circuit  about 
constant  by  adjusting  the  external  resistance.  Then  allow 
the  circuit -to  remain  closed  and  note  the  time  required  for 
the  current  to  decrease  to  one-half  its  theoretical  maximum 

value,  usually  about  -  ( — ^ )  =  .075  ampere  for  zinc-ammo- 


mh- 


nium  chloride-carbon  cells.  The  longer  this  time,  the  greater 
the  life  of  the  cell.  This  assumes  that  a  current  smaller  than 
75  milliamperes  is  not  useful  for  the  purpose  for  which  such 
cells  are  generally  used.  An  increase  in  internal  resistance 
and  hence  a  total  resistance  greater  than  10  ohms  will  give  a 
smaller  average  current  but,  other  things  being  fequal,  a  longer 
time  will  generally  be  required  for  the  current  to  run  down  to 
75  milliamperes  for  the  polarization  will  be  less.  The  life  of 
various  cells  may  be  even  better  compared,  by  performing 
the  test  just  indicated,  but  basing  the  comparison  on  the 
watt-hours  given  by  the  various  cells.  This  will  not  require 
an  adjustment  of  the  external  resistance  after  the  run  is 
started  because  the  effect  of  the  internal  resistance  is  practi- 
cally eliminated.  The  average  current  times  the  average 
potential  difference  at  the  terminals  times  the  hours  kept  on 
closed  circuit  will  give   the  useful  watt-hours.    Although 
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local  action  in  open-circuit  cells  is  usually  so  small  as  to 
render  chemical  efficiency  tests  unnecessary,  it  is  well,  never- 
theless, to  watch  for  it,  because  local  action  on  open  circuit 
will  render  the  cell  unfit  for  intermittent  work. 

Sometimes  tests  are  made  extending  over  several  days, 
automatic  clockwork  devices  being  *  arranged  to  close  the 
circuit  for  any  desired  length  of  time  at  regular  intervals, 
readings  being  taken  as  often  as  desired. 


TESTS  ON  CliOSED-CIRCUIT  CEIiliS 

81  •  Closed-circuit  cells  should  be  tested  with  such  a 
resistance  in  the  internal  circuit  that  the  normal  current 
generated  will  remain  nearly  constant,  the  polarization  be 
slight,  and  the  internal  resistance  nearly  constant  through- 
out the  life  of  the  cell.     When  the  current,  which  has  before 
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remained  fairly  constant,  begins  to  decrease  rapidly,  the  use- 
ful life  of  the  cell  is  assumed  to  be  ended.  The  internal 
resistance  of  this  type  of  cell  must  be  low,  otherwise  the 
cell  will  be  very  inefficient  and  unsatisfactory  on  account  of 
the  resulting  low-potential  difference  at  its  terminals  on 
closed  circuit.  Local  action  in  closed-circuit  cells  is  usually 
of  sufficient  importance  to  warrant  a  chemical-efficiency  test. 
If  the  cell  is  to  remain  a  portion  of  the  time  on  open  circuit. 
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the  cell  should  remain  on  open  circuit  for  the  same  percent- 
age of  time  when  the  chemical-efficiency  test  is  made.  This 
becomes  more  important  the  greater  the  local  action.  Too 
much  importance  must  not  be  attached  to  efficiency  tests, 
because  primary  batteries  are  generally  used  only  because 
they  are  the  only  convenient  and  suitable  source  of  the  cur- 
rent desired,  their  cost  being  a  secondary  consideration.  As 
a  source  of  power  they  cannot  compare  with  dynamos  in 
first  cost,  cost  of  maintenance,  or  space  occupied. 

In  Fig.  26  is  shown  the  results  of  a  typical  test  made  by 
Prof.  A.  E.  Kennelly  on  four  Edison-Lalande  cells;  the 
same  scale  is  used  for  all  curves.  The  four  cells  were 
joined  in  series  with  .8  ohm  in  the  external  circuit.  The 
current,  which  is  very  steady,  and  the  potential  difference 
actually  increase  in  value,  due  to  the  decrease  in  the  internal 
resistance.  The  variation  of  the  various  quantities  with 
the  time  is  very  nicely  shown  by  the  curves.  To  obtain 
the  value  for  one  cell  of  any  ordinate  on  any  curve  except  the 
current  curve,  the  figures  on  the  left  must  be  divided  by  4, 
since  four  cells  were  joined  in  series. 

ExAMPLB. — The  following  data  was  obtained  by  a  chemical-efficiency 
test  made  on  a  cell  closed  through  an  external  resistance  of  .2  ohm: 
Weight  of  zinc  before  test,  2,508  grains;  weight  of  zinc  after  10.8  hours, 
2,142  grains;  mean  current,  2.76  amperes;  mean  E.  M.  F.,  .7  volt. 
(a)  What  is  the  loss  of  zinc  by  local  action,  assuming  that  1  coulomb 
deposits  .0003387  gram  of  zinc?  {d)  What  is  the  chemical  efficiency? 
(c)  What  is  the  mean  internal  resistance  if  the  mean  terminal  poten- 
tial difference  (on  closed  circuit)  is  .56  volt?  {d)  What  is  the  mean 
electrical  efficiency? 

Solution. — (a)  The  total  consumption  of  zinc  is  2,508  —  2,142 
=  366  grams.  2.76  amperes  flowing  for  1  second  will  deposit  .0003387 
X  2.76  grams  of  zinc.  Hence,  in  108  hours,  there  will  be  deposited 
.0003387  X  2.76  X108X60X60  =  363  grams.  Hence,  the  loss  of  zinc 
due  to  local  action  is  366  —  363  =  3  grams,  or  less  than  1  per  cent,  of 
the  zinc  consumed.     Ans. 

(b)     The  chemical  efficiency  is  *   -   =  .986  or  98.6  per  cent. 

OlK) 

E  —  P 

(r)     Substituting  in  the  formula  d  =    '    .  — ,  we  find  the  mean  inter- 

7  —   55 
nal  resistance  to  be  ^— ^    "' '    =  .054  ohm.    Ans. 
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(d)    The  mean  power  expended  in  the  external  circuit  =  (2.76)* 

X  .2  s=  1.52  watts.    The  mean  power  expended  in  the  internal  circnit 

1  52 
^  (2.76) •  X  .054  «  .41  watt-    The  electrical  efficiency  »  -      ' 

1  52 
«  - ''no  "  -^^7,  or  nearly  79  per  cent.    Ana. 


ELECTRICAL  MEASUREMENTS 

(PART  1) 


ELECTROMAGNETIC  MEASUREMENTS 

1.  A  current  of  electricity  is  not  a  material  substance, 
and,  therefore,  has  no  length,  area,  or  weight  by  which  it 
might  be  measured.  It  must,  therefore,  be  measured  by  the 
effects  that  it  produces. 

These  effects  manifest  themselves  as  follows:  When  a 
current  of  electricity  is  flowing  in  a  conductor,  the  energy 
expended  in  overcoming  the  resistance  of  the  conductor 
manifests  itself  as  a  heat.  The  amount  of  this  energy  is 
equal  to  the  square  of  the  current  times  the  resistance; 
therefore,  the  heat  generated  in  a  circuit  will  be  propor- 
tional to  the  square  of  the  current  if  the  resistance  be  con- 
stant, or  to  the  resistance  if  the  current  be  constant. 

When  a  current  of  electricity  flows  through  a  conducting 
liquid,  the  liquid  is  decomposed.  This  decomposition  is 
due  to  a  chemical  action  of  the  current,  known  as  electrol- 
ysis, and  is  distinct  from  the  heating  effect.  The  decom- 
position either  liberates  a  certain  amount  of  gas  or  deposits 
one  or  more  of  the  elements  of  the  liquid  on  one  of 
the  electrodes.  The  amount  of  liquid  decomposed  is 
directly  proportional  to  the  quantity  (coulombs)  of  cur- 
rent; hence,  the  rate  of  decomposition,  or  the  amount  of 
liquid  decomposed  per  unit  of  time,  if  the  current  is  con- 
stant in  strength,  is  proportional  to  the  strength  of  the 
current  in  amperes. 

When  a  current  of  electricity  flows  through  a  conductor,  a 

For  notice  of  copyright^  ue  Page  immeduUely  following  tht  title  P^gt 
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magfnetic  field  is  set  up  around  the  conductor  that  tends  to 
produce  a  relative  motion  in  any  other  magfnetic  field  in  the 
vicinity;  as,  for  instance,  that  emanating  from  a  magnet 
pole.  The  force  acting  on  such  a  pole  will  be  directly  pro- 
portional to  the  strength  of  the  current,  to  the  length  of  the 
conductor,  to  the  strength  of  the  magnet  pole,  and  inversely 
proportional  to  the  square  of  the  distance  between  the  con- 
ductor and  the  magnet  pole  when  the  conductor  lies  in  the 
circumference  of  a  large  circle  about  the  magnet  pole  as 
a  center. 

An  instrument  that  measures^  a  small  current  by  its  elec- 
tromagnetic effect  is  called  a  galvanometer. 


GAIiVANOMBTERS 

2.  By  the  electromagnetic  action  the  value  of  a  current 
may  be  derived  as  follows:  If  a  wire  is  bent  into  an  arc  of 
a  circle  with  a  radius  of  at  least  15  centimeters,  the  strength 
of  field  3C'  produced  at  the  center  of  the  arc  when  a  current  / 
flows  through  the  wire  is  proportional  to  the  strength  of  the 
current  and  to  the  length  of  the  arc,  and  inversely  propor- 
tional to  the  square  of  the  distance  of  the  wire  from  the 
center;  that  is,  inversely  proportional  to  the  square  of  the 
radius.  If  the  wire  forms  a  complete  circumference  of  a 
circle,  the  length  of  the  arc  is  2;rr;  hence,  the  strength  of 
the  field  produced  at  the  center  of  the  circle  is  equal  to 

/X  2;rr        2;r/^  ,  ^,   ,  ^ 

i — ,  or for  one  complete  turn.    If  there  are  T  turns 

r  r 

in  the  coil,  X'  =  — '- ,  provided  that  the  radius  of  the  coil 

r 

is  large  compared   to  its  length  in  a  direction  normal  to 
the  plane  of  the  coil. 

In  this  expression  3C'  is  the  strength  of  the  field,  in 
C.  G.  S.  units;  /  the  current,  in  C.  G.  S.  units;  T  the  total 
number  of  complete  turns  in  the  coil;  and  r  the  mean  radius 
of  the  coil  in  centimeters.  The  field  JC'  is  uniform  within  a 
small  area  at  the  center  of  the  coil  and  has  a  direction  nor- 
mal to  the  plane  passing  through  the  coil  and  its  center.     If 
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the  ciarrent  /  is  expressed  in  amperes,  since  10  amperes 
=  1  C.  G.  S.  unit,  the  strength  of  the  field  at  the  center  of 
the  coil  is 

5e/  =  ^?^^  (1) 

A  rigid  derivation  of  this  formula  requires  the  use  of 
mathematics  beyond  the  scope  of  this  Course.  It  is  evident 
that  if  3C',  r,  and  T  were  known  that  the  current  /  could  be 
calculated  from  formula  !•  But  it  is  not  often  convenient 
to  determine  the  value  of  3C';  hence,  /  is  never  calculated 
directly  from  this  formula. 

3.  If  a  magnet  pole  can  be  influenced  by  a  known  con- 
stant force  in  one  direction,  and  if  by  exerting  on  it  a 
second  force,  due  to  a  current  circulating  in  a  coil  but  acting 
in  a  different  direction,  the  resultant  of  the  two  forces  can  be 
.  accurately  determined,  then  the  value  of  the  second  force 
may  be  determined  and  the  strength  of  the  current  producing 
it  may  be  calculated.  This  known  constant  force  is  furnished 
by  the  earth  itself,  which  is  a  magnet  of  such  size  that  for 
short  distances  the  direction  of  its  lines  of  force  may  be  con- 
sidered as  perfectly  parallel.  The  actual  direction  of  the 
earth's  field  is  not  horizontal  but  at  an  angle  to  the  hori- 
zontal so  that  the  actual  field  may  be  said  to  be  made 
up  of  two  components — a  horizontal  and  a  vertical.  The 
horizontal  component  is  the  one  most  frequently  used 
in  measurements.  A  small  bar  magnet  placed  in  a  hori- 
zontal position  across  the  earth's  field  of  force  will  have 
equal  and  opposite  forces  acting  on  its  poles  or  ends, 
since  the  lines  of  force  act  in  a  parallel  direction;  this 
results  in  turning  the  magnet  about  its  center,  if  the  magnet 
is  free  to  move  about  a  vertical  axis,  until  the  forces  act  in 
a  direct  line  with  the  center.  It  then  points  in  the  direc- 
tion of  the  horizontal  component  of  the  earth's  magnetism. 
The  magnet  is  so  supported  that  it  can  move  only  in  a 
horizontal   plane. 

This  is  illusjtrated  by  the  magnet  in  the  common  com- 
pass.    The  force  of   the    earth's   field  tends  to    keep   the 
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magnet  parallel  to  the  lines  of   force  of  the  earth's  field, 

and,  consequently,  the  magnet  points  north  and  south. 
Fig.  1  illustrates  this  action.     The  direction  of  the  earth's 

field  of  force  is  represented  by  the  line  ad.  A  bar  magnet,  NS, 

placed  across  this  line  at  an  angle  with 
it,  will  have  equal  and  opposite  forces 
acting  on  the  poles  N  and  5,  as  shown 
by  the  arrows.  These  forces  may  be 
considered  as  parallel  to  the  line  a  d; 
so,  if  the  magnet  be  free  to  turn  about 
its  center,  these  forces  will  bring  it  to  a 
state  of  rest  in  such  a  position  that  the 
magnet  coincides  with  the  line  a  d. 

If  the  magnet  NS  he  acted  on  by 
another  force  at  an  angle  with  a  d,  the 
magnet  will  come  to  rest  in  a  position 
where  the  two  forces  balance.  Further- 
more, if  a  coil,  through  which  a  current 

is  flowing,  is  placed  so  that  the  plane  of  the  coil  is  not  only 

vertical   but   also   coincides   in   direction   with   the   earth's 

horizontal    component   of   magnetism,    then    the    magnetic 

field   produced  by  the  coil  at  and 

near    its    center   will   be   at   right 

angles    to    the    earth's    horizontal 

component.    This  component  tends 

to  make  a  magnet  suspended  on  a 

vertical  axis  through  its  center  lie 

in  the  plane  of   the  coil,  whereas 

the    field   due  to  the  coil  tends  to 

make    the    magnet    lie   normal   to 

the  plane  of   the  coil.     In  Fig.  2, 

the  magnet  JVS  is  acted  on  by  the 

earth's  field  along  the  line  a  b,  the 

direction  of  the  force  on  the  N  pole 

of  the  magnet  being  along  the  line  d  N,  and  that  on  the 

S  pole  along  the  line  c  5,  as  indicated  by  the  arrowheads. 

In  addition,  another  force  due  to  the  field  set  up  by  the  cur- 
rent in  the  coil  is  acting  along  the  line  xy^  at  right  angles 
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to  a  b,  the  direction  of  the  force  on  the  N  pole  being  along 
the  line  cN^  and  on  the  S  pole  being  along  the  line  dSy  as 
indicated  by  the  arrows.  Under  the  influence  of  these  two 
forces  the  magnet  is  deflected  into  the  position  shown,  where 
it  remains  at  rest,  making  the  angle  m^  with  the  line  a  b. 

Calling  the  strength  of  the  horizontal  component  of  the 
earth's  field  5C,  the  strength  of  the  field  acting  along  the  line 
;rrj/X',  and  the  strength  of  each  pole  of  the  magnet/,  then 
the  forces  acting  on  the  N  pole  of  the  magnet  are  equal  to 
3C  X/  in  the  direction  dN^  and  X'  X  /  in  the  direction  cN] 
the  forces  acting  on  the  S  pole  are  equal  to  X  X  /  in  the 
direction  c  S,  and  X'  X  /  in  the  direction  dS.  The  two  equal 
forces  3tp  acting  in  opposite  directions,  dN  and  c  S^  on  the 
two  poles  of  the  magnet  form  a  couple  tending  to  rotate 
the  magnet  about  its  center  o.  The  moment  of  this 
couple  is  equal  to  one  force  multiplied  by  the  perpen- 
dicular distance  between  the  lines  of  action.  The  moment 
of  the  couple  produced  by  the  force  X/  is,  therefore,  equal  to 
tiCpx  c  Nf  tending  to  rotate  the  magnet  in  the  same  direction 
in  which  the  hands  of  a  watch  move.  Similarly,  the  force 
X'/ produces  a  couple  equal  to X'^  X  ^ Attending  to  rotate 
the  magnet  in  a  direction  opposite  to  that  in  which  the 
hands  of  a  watch  move.  When  the  magnet  is  in  equilib- 
rium, that  is,  at  rest,  these  two  moments  are  equal;  hence, 
X^/  X  ^  A^  =  X/  X  f  A^,  or  X^X  dJV  =  X  X  ^  A^.  Since  this 
last  equation  does  not  contain  /,  it  follows  that  the  deflection 
of  the  magnet  is  independent  of  the  strength  of  the  magnet. 

c  JV       X' 
From  the  last  equation  we  obtain  — — -  =    --.     The  tangent 

dN       X 

of  an  angle  is  equal  to  the  side  opposite  divided  by  the  side 

adjacent.     In  Fig.  2,  ^A^  is  the  side  opposite  the  angle  w°, 

and  Sc,  which  is  equal  to  d//y  is  the  side  adjacent;  therefore, 

cN        cN 

-^  or  ~^T^  is  the  tangent  of  the  angle  w®,  and  we  obtain 

X'  =  X  X  tan  m^.      But    it    has    also    been    shown    that 

X'  =  *—- — .     Equating  these  two  values  for  X'  gives  ^- — 
or  or 

s=  X  tan  w°,  from  which  we  obtain 
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/=^^';unm°  (2) 

This  formula  enables  us  to  determine  the  current  /  in 
amperes  when  we  know  the  value  of  the  earth's  horizontal 
component  of  magnetism  5C  in  C.  G.  S.  units  (that  is,  in 
dynes,  or  in  lines  of  force  per  square  centimeter),  the  mean 
radius  r  of  the  coil  in  centimeters,  the  total  number  of  turns  T 
in  the  coil,  and  the  angle  of  deflection  m^  produced  by  the 
current  of  /  amperes  passing  through  the  coil. 

4,  Tanfcent-Gal  vanomcter  Constant. — For  any  given 

5r 
coil  of  a  given  tangent  galvanometer  the  factors  --^j^  remain 

constant  and  its  value  may  be  computed  once  for  all.     Fur- 
thermore, if  the  galvanometer  is  set  up  where  3C  does  not 

change  then  *     ^    may  be  computed  once  for  all,  and  if 

—  ^  =  A ,  then 

/=A'tanw°  (3) 

A'  is  called  the  constant  of  the  galvanometer  for  a  given 
magnetic  field  3C.  If  /C  is  known,  a  current  may  be  measured 
by  causing  it  to  flow  through  the  galvanometer  coil,  noting 
the  steady  deflection  produced,  and  then  multiplying  the 
tangent  of  the  angle  of  this  deflection  by  the  constant  A^ 
An  instrument  depending  on  this  principle  for  measuring  a 
current  is  called  a  tangent  galvanometer, 

5.  The  horizontal  component  3C  of  the  earth's  field 
has  been  accurately  measured  at  various  places  and  times. 
But  it  is  constantly  changing.  At  some  places  it  changes 
much  more  than  at  others,  and  as  the  yearly  variation  is  not 
very  definitely  known  for  many  places  it  is  almost  impossible 
to  keep  the  values  revised  up  to  date.  For  this  reason  such 
instruments  as  the  tangent  galvanometer,  whose  deflection 
depends  on  the  value  of  5C,  are  rapidly  being  displaced  by 
instruments  whose  deflections  are  practically  independent 
of  X. 
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Table  I  gives  the  value  of  the  earth's  horizontal  compo- 
nent JC  for  some  well-known  cities  for  the  year  1903,  except 
where  otherwise  stated.  These  values  were  determined  by 
the  United  States  Coast  and  Geodetic  Survey. 

TABIiE  I 

HORIZONTAL    COMPONENT    OF  THE    EARTH'S    MAGNETISM 

FOR    THE    TEAR    1903 


Place 

Horizontal  Component  3C 

in  Lines  of  Force 

per  Square  Centimeter, 

or  in  Dynes 

Place 

Horizontal  Component  3C 

in  Lines  of  Force 

per  Square  Centimeter, 

or  in  Dynes 

Albany 

Baltimore 

Boston 

Buffalo  ....... 

Chicago 

Cincinnati 

Cleveland 

Denver 

El  Paso,  Tex.  .  .  . 
Indianapolis  .... 

Milwaukee 

Minneapolis  (1900) 
New  Orleans.  .  .  . 
New  York 

.1709 
.i960 

.1755 
.1706 

.1858 

.2056 

.1850 

.2248 

.2770 

.2070 

.1775 
.1681 

.2788 

.1895 

Omaha 

Philadelphia.  .  .  . 
Salt  Lake  City  .  . 
San  Francisco.  .  . 
Scranton,Pa.(1902) 

Seattle 

St.  Louis 

Washington.  .  .  . 

Halifax 

Montreal 

Quebec  (1900).  .  . 
Toronto  (1900)  .  . 
Victoria,V.L(1900) 

.1980 
.1950 
.2268 

.2495 
.1825 

.1903 

.2126 

.2035 

.1653 
.1516 

.1481 

.1691 

.1878 

6.  It  is  necessary  that  the  lines  of  force  that  influence 
the  magnet  be  practically  parallel  within  the  range  covered 
by  the  swing  of  the  magnet.  With  the  earth's  field  this  is 
the  case,  but  with  a  coiled  conductor,  whose  radius  is  large 
compared  to  its  length  at  right  angles  to  the  plane  of  the 
coil,  this  only  holds  true  for  a  very  small  space  relative  to 
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the  diameter  of  the  coil  at  the  center  of  the  coil.  The  mag- 
net  of  a  tangent  galvanometer  must,  therefore,  be  shorty 
compared  with  the  diameter  of  the  coil.  A  magnet  I  inch 
long  can  be  used  with  a  coil  8  inches  in  diameter  with  accurate 
results.  As  the  deflections  of  such  a  magnet  can  scarcely  be 
read  directly,  a  very  light  glass  or  aluminum  pointer  attached 
to  it,  usually  at  right  angles,  extends  over  a  scale  on  which 
the  deflections  may  be  read. 

Fig.  3  gives  a  top  view  of  a   simple  tani^ent   sralva- 
nometer  in  which  NS  is  the  coil  of  wire  and  P  the  pointer 


Pig.  3 


attached  to  the  small  permanent  magnet  Af.  Two  scales 
are  shown,  one  on  each  side  of  the  coil.  One  is  divided 
into  degrees,  the  other  into  divisions  proportional  (but  not 
equal)  to  the  tangents  of  the  angles  represented  by  the 
divisions  on  the  degree  scale.  While  the  tangent  scale  is 
the  most  convenient  to  use,  nevertheless  degree  scales  are 
more  often  used  because  they  are  generally  more  accurate. 
If  the  angle  of  deflection  is  read  in  degrees,  the  correspond- 
ing  tangent  of  the  angle  may  be  readily  foimd  in  a  table  of 
Natural  Tangents. 
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7.     Controllintf   Hagnet. — In   order  that  a  variety  of 

current  strengths  may  be  measured  with  the  same  instru- 
ment, it  is  customary  to  wind  the  coil  in  two  or  more  parts, 
varying  in  the  number  of  turns  and  size  of  wire.     The  ter- 
minals  of   these  parts  of  the  coil  are  led   out  to  binding 
posts  b,  b,  b,  b.  Fig,  4,  on  the  base  of  the  instrument,  so 
that  either  one  or  all  the  parts  of  the  coil  may  be  used. 
Even  this  method  of  winding  does  not  give  much  range  to 
the  instrument.     Another  way  of  reg- 
ulating its  indications  is  to  vary  the 
eflfective  earth's  field  by  placing  a  per- 
manent bar  magnet,  called  a  controlling 
magnet,  usually  in  the  plane  of  tbe  coil 
and  parallel  to  it,  but   often   in   any 
position  that  may  be  convenient  and 
still  give  the  desired  result. 

Fig.  4  shows  a  tangent  galvanom- 
eter,  with    an    adjustable   controlling 
magnet  m.     If  this  controlling  magnet 
be   so   placed  that   its  5  pole   corre- 
sponds in  direction  with  the  N  pole 
of  the  magnet  of  the  instrument,  its 
field  will  be  added  to  the  earth's  field, 
so  that  a  given   current  will   give  a 
smaller  deflection  than  if  the  control- 
ling magnet  were  removed.     Hence,  a  larger  current  may 
be  measured  with  a  controlling  magnet  in  this  position.     If 
the   polarity  of   the   controlling   magnet   be   reversed,   the 
opposite  effect  will  result,  and  the  instrument  will   give  a 
deflection  with  a  very  small  current.     Hence,  smaller  cur- 
rents may  be  measured  with  a  controlling  magnet  when  its 
north  pole  points  toward  the  north,  provided  the  controlling 
magnet  is  not  so  strong  or  so  near  the  galvanometer  needle 
as  to  not  only  neutralize  the  earth's  field,  but  to  produce 
in  the  opposite  direction  a  stronger  field  than  that  originally 
due   to   the  earth  alone.     Since  the  field  produced  near  a 
permanent  magnet  may  be  very  strong,  the  latter  condition 
may  be  readily  produced. 
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o.  Drift. — Controlling  mag^nets  are  used  on  many  forms 
of  galvanometers.  There  is  a  difficulty,  known  as  drift, 
which  is  increased,  when  a  controlling  magnet  is  used  to 
make  the  galvanometer  more  sensitive.  This  dffficulty  is 
due  to  the  fact  that  the  direction  of  the  earth's  field  is  con- 
tinually changing  slightly,  and  its  effect  is  to  make  the  zero 
point  of  the  instrument  vary  from  time  to  time.  This  effect 
may  be  shown  by  the  diagram  in  Fig.  5.  In  (a)^  no  repre- 
sents the  direction  and  magnitude  of  the  force  due  to  the 
earth's  field,  and  n  m  the  direction  and  magnitude  of  the 

force  due  to  the   controlling  magnet; 
K  k        the  resultant  »5  is  the  direction  that  the 

1\  /t       magnet  of  the  instrument  will  assume. 

If  the  direction  of  the  earth's  field 
change  through  a  slight  angle  to  the 
position  shown  in  (^),  the  resultant  is 
the  line  »>  5,,  and  its  direction  is  at  an 
angle  of  nearly  180°  to  the  resultant  n  s. 
If  the  controlling  magnet  had  not  been 
used,  there  would  have  been  a  slight 
drift,  but  the  use  of  the  controlling 
magnet  to  lessen  the  effective  field 
very  much  magnifies  the  effect  of  any  change  in  the  direc- 
tion of  the  earth's  field. 


9.  Calibration  of  a  Tang:ent  Galvanometer. — When 
a  controlling  magnet  is  used,  it  is  necessary  to  find  the 
deflection  that  a  certain  known  current  will  produce,  as  the 
actual  value  of  the  controlling  field  is  no  longer  known  and 
K  in  the  formula  /  =  A^tan  w°  cannot  very  well  be  computed. 
But  the  galvanometer  may  be  used  to  measure  currents  in 
the  following  manner:  Send  a  known  current  through  the 
galvanometer  coil  and  note  the  deflection.     Then,  putting  the 

/ 


formula  I  —  K  tan  vi^  in  the  form  K  = 


and  knowing 


tan  w° 

/  and  w°,  the  value  of  A^  may  be  computed.  Any  other  cur- 
rent may  then  be  measured  by  multiplying  the  tangent  of 
the  angle  of  deflection  that  the  unknown  current  produces  by 
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this  value  of  K,  This  method  of  determining:  the  constant 
of  a  galvanometer  or  other  measuring  instrument  is  called 
calibration. 

This  may  seem  a  roundabout  way  of  measuring:  a  current 
and  the  question  may  arise,  Why  not  measure  the  current  by 
the  method  in  which  the  calibrating  current  was  measured? 
In  reply  we  would  say  that  while  preferable,  it  may  be  very 
inconvenient  or  even  impossible.  For  instance,  the  value 
of  the  standardizing  current  may  be  determined  by  a  very 
accurate  but  slow  method,  requiring  at  least  30  minutes  to 
determine  one  value,  which  would  be  entirely  impracticable 
for  most  purposes.  Or,  the  standardizing  current  may  be 
measured  by  a  very  accurate  instrument  whose  use  it  is 
possible  to  obtain  for  only  a  short  time,  whereas  the  instru- 
ment calibrated  is  to  be  used  constantly,  day  after  day. 
Most  practical  instruments  must  be  calibrated  in  some  way 
from  time  to  time  to  detect  any  change  or  inaccuracy. 

10*  The  rangre  of  any  current-measuring  instrument  is 
the  extent  of  variation  of  current  that  the  instrument  is 
capable  of  measuring.  For  instance,  one  galvanometer  may 
be  capable  of  measuring  any  current  between  0  and  .001 
ampere,  another  may  be  capable  of  measuring  any  current 
between  0  and  .1  ampere.  The  last  instrument  has  a  range 
one  hundred  times  greater  than  the  first,  but  it  will  probably 
not  measure  currents  less  than  .001  ampere  as  accurately. 
Instruments  constructed  to  measure  large  currents  will  very 
seldom  measure  small  currents  accurately,  because  the  scale 
divisions  are  too  close  together.  For  instance,  there  is  a 
voltmeter,  which  is  an  instrument  for  measuring  difference 
of  potential  in  volts,  that  will  accurately  measure  as  high  as 
600  volts  with  a  scale  divided  into  divisions  of  4  volts  each; 
hence,  its  range  is  from  0  to  600  volts  in  steps  of  4  volts. 
To  be  sure,  the  deflections  of  the  pointer  may  be  read  closer 
than  4  volts  by  estimating  its  location  when  it  lies  between 
two  divisions;  thus,  a  reading  of  385  volts  may  be  made  with 
fair  accuracy.  Such  a  reading  would  indicate  that  the  needle 
was  one-fourth  of  1  division    (since  one-fourth   of  4  =   1) 
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beyond  the  384  mark.  On  the  other  hand,  there  is  a  voltmeter 
that  only  reads  from  0  to  .02  volt,  but  it  can  be  read 
directly  from  the  scale  to  .0002  volt,  there  being;  100  divi- 
sions, each  representing  .0002  volt. 

11.  Betting:    Up    a    Tangrent    Galvanometer. — The 

plane  of  the  galvanometer  coil  must  be,  at  least,  approxi- 
mately in  the  magnetic  meridian  and  vertical;  the  center  of 
the  scale  should  coincide  with  the  center  of  the  needle,  and 
both  should  be  in  the  plane  of  the  coil.  The  suspension,  if 
a  fiber,  should  be  free  from  torsion;  if  a  pivoted  bearing,  it 
should  be  as  free  from  friction  as  possible.  If  the  coil  is 
not  in  the  magnetic  meridian  a  given  current  will  produce  a 
larger  deflection  when  it  flows  in  one  direction  through  the 
coil  of  the  galvanometer,  than  when  it  flows  in  the  opposite 
direction.  It  is  therefore  best  when  using  a  tangent  gal- 
vanometer to  read  the  deflections  at  both  ends  of  the  pointer, 
then  reverse  the  direction  of  the  current  through  the  galva- 
nometer, which  reverses  the  deflection  of  the  needle,  and 
again  read  the  deflections  at  both  ends  of  the  pointer.  The 
average  of  these  four  deflections  should  be  taken  as  the  cor- 
rect deflection  of  the  galvanometer.  This  process  eliminates 
most  of  the  errors  due  to  imperfect  adjustment  of  the  gal- 
vanometer. This  cannot  very  well  be  done  when  the  scale 
on  one  side  is  marked  in  degrees  and  on  the  other  side  in 
tangents,  or  numbers  proportional  to  the  tangents  of  the 
corresponding  angles. 

12.  The  following  example  will  illustrate  the  application 
of  the  formulas  for  the  tangent  galvanometer: 

Example. — Galvanometer  No.  1  has  a  coil  of  only  one  turn  and  a 
mean  diameter  of  7i  inches.  Galvanometer  No.  2  has  a  coil  of  three 
turns  and  a  mean  diameter  of  71  inches;  furthermore,  a  controlling 
magnet  increases  its  range.  The  two  galvanometers  are  connected  in 
series  so  that  the  same  current  must  flow  through  them  and  are 
set  up  where  the  earth's  horizontal  component  is  .194  line  of  force 
per  square  centimeter.  On  sending  a  current  through  the  two  instru- 
ments, the  deflection  of  No.  1  is  52°,  while  the  deflection  of  No.  2  is 
but  38°.  {a)  What  current  is  passing  through  the  galvanometers? 
(d)  What  is  the  value  of  the  galvanometer  constant  of  No.  2?  (c) 
What  is  the  strength  of  field  at  the  needle  of  galvanometer  No.  2? 
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Solution. — (a)  The  diameter  of  the  coils  in  both  instruments  is 
7|  inches,  or  20  centimeters;  hence,  the  radius  r  »  10  centimeters. 
Consider   now  only  galvanometer   No.  1.    For  use   in   the  formula 

tan  i»°,  we  have  ^C  =  .194,  r  =  10,  and  T  =  1.    The 


-m 


deflection  m°  =  52^.     From  a  table  of  Natural  Tangents  it  is  found 
that   the   tan  52°  ==  1.28,  nearly.    Substituting  these  values   in  the 

formula,  /=  ("^"liTfl^T")  ^-^^  ~  3.952  amperes.    Ans. 

(b)  In  No.  2,  the  current  is  3.952  amperes  and  the  angle  of  deflec- 
tion produced  in  this  galvanometer  is  38°.  From  a  table  of  Natural 
Tangents  it  is  found  that  tan  38°  =  .7813,  nearly;  then,  substituting  in 

the  formula  /  =  A"  tan  w°,  we  have  3.952  =  A"X  .7813,  K  =  y^ 

=  6.058.    Ans. 

(c)     From  this  value  of  K  and  the  dimensions  of  the  galvanometer 
coil,  the   strength    of  field  X  at   the  galvanometer   needle   may   be 

readily  calculated  as  follows:    It  has  been  shown  that  K  =  — =-,  from 

u'  u  K*  i     OP      ^'^  ^     tr  IP       6.058  X  3.1416  X  3        „^. 

which  we  obtam  3C  =  — = .    Hence,  CK:  = ,  ,,  ,^ =  .9534 

or  5  X  10 

dyne  or  lines  of  force  per  sq.  cm.    Ans. 

This  value  of  5C  represents  the  combined  value  of  the  field  due  to  the 

earth  and  to  the  controlling  magfnet.    As  will  be  seen,  the  intensity  of 

this  field  is  nearly  five  times  that  of  the  earth  alone;  so  galvanometer 

No.  2  may  be  used  to  measure  currents  of  about  five  times  the  strength 

that  No.  1  will  measure  under  the  same  conditions. 


EXAMFIiE    FOR    PRACTICE 


A  galvanometer  has  a  coil  of  12  turns  and  a  mean  diameter  of 
12  inches.  When  set  up  where  the  earth's  horizontal  component  is  .147, 
a  certain  current  passing  through  it  produces  a  deflection  of  42°. 
What  is  the  strength  of  this  current,  in  amperes?     Ans.   .268  ampere 


REFUSCTING    GALVANOMETER 

13.  If  the  needle  of  a  tangent  galvanometer  be  sus- 
pended by  a  fiber  of  raw  silk  or  other  similar  material 
without  twist,  and  if  a  beam  of  light  reflected  from'  a  small 
mirror  attached  to  the  needle  be  used  instead  of  a  pointer, 
accurate  measurements  of  very  small  deflections  can  be 
obtained.     Such  an  instrument  is  known  as  a  reflecting^ 
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f^lTanomoter,     Two  arrangemehts  for  the  optical  obser- 
vatioD  of  deflections  are  used. 

14.  In  the  telescope-and-scale  arrangement,  a  small 
plane  mirror  is  attached  to  the  deflecting  system  of  the  gal- 
vanometer and  a  telescope  and  stand  carrying  a  horizontal 
straight  scale,  suitably  divided,  is  set  up  directly  in  front  of 
the  galvanometer  in  such  a  manner  that  portions  of  the  hori- 
zontal scale  will  be  reflected  by  the  mirror  of  the  galva- 
nometer into  the  tube  of  the  telescope.  Such  a  telescope 
and  scale  is  shown  in  Fig.  6.  Special  scales  are  provided 
for  this  purpose,  the  numbers  on  which  are  reversed,  so  that 
when  a  reflection  in  the  mirror  is  viewed  through  the  tele- 


scope they  will  appear  normal.  This  method  of  reading  the 
galvanometer  is  more  desirable  than  that  using  a  scale  and 
lamp,  which  will  be  presently  described,  because  the  read- 
ings may  be  made  with  greater  accuracy  by  means  of  a  tele- 
scope containing  cross-hairs  and  further,  because  the  presence 
of  a  lighted  lamp  is  not  necessary.  However,  a  lamp  placed 
to  illuminate  the  scale  (not  the  galvanometer  mirror)  will 
often  render  the  reading  of  the  scale  much  easier. 
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15.  The  lamp-and-Bcale  arrangement.  Fig.  7,  consists 
of  a  suitable  support  for  a  scale  that  is  placed  parallel  to  the 
plane  of  the  galvanometer  mirror  and  has  a  small  slit  below 
its  middle,  A  lamp  placed  close  behind  this  scale  throws, 
through  the  slit,  a  beam  of  light  that  the  mirror  reflects, 
producing  on  the  scale  a  bright  spot  that  moves  in  accord- 
ance with  the  movements  of  the  mirror. 

This  arrangement  requires  a  reasonable  dark  room  or  the 
scale  must  be  covered  enough  to  make  it  dark.  For  the 
illuminated  slit,  a  vertical  wire  stretched  across  a  suitable 


PiQ.  T 

convex  lens  may  be  substituted.  There  will  then  appear  on 
the  scale  a  vertical  black  line  across  a  bright  spot  of  light. 
A  somewhat  different  arrangement  is  shown  in  Fig,  8, 
The  metal  case  /  contains  a  gas,  oil,  or,  preferably,  an 
incandescent  lamp.  The  light  coming  out  of  a  small  door, 
falls  on  the  lens  h,  which  concentrates  it  on  a  plane 
mirror  r,  which  merely  reflects  it  to  a  mirror  fastened  to  the 
movable  system  of  the  galvanometer;  the  galvanometer 
mirror  reflects  the  light  back  on  the  scale  s.  Either  a 
plane  or  concave  mirror  with  its  focus  on  the  scale  may  be 
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nsed  on  the  galvanometer.  In  case  a  place  mirror  is 
used,  a  vertical  wire  should  be  stretched  across  a  circular 
door  in  the  case  /  or  across  the  converging  lens  h,  and  the  lat- 
ter adjusted  along  its  support  until  there  appears  on  the  scale 
a  bright  spot  of  light  with  a  sharply  focused  vertical  line 
across  it.  The  scale  is  usually  made,  as  shown  in  Fig.  8, 
on  a  piece  of  ground  glass  through  which  the  bright 
spot  illuminates  the  scale  to  allow  the  observer  to  read  the 
deflection  by  standing  in  front  of  the  scale;  that  is,  with  the 
scale  between  the  observer  and  the  galvanometer. 

Although  the  zero  of  the  scale  may  be  either  at  the  center 
or  at  one  end,  it  is  better  to  have  it  at  the  extreme  end;  then 


it  will  not  be  necessary  to  note  the  direction  of  the  deflection 
in  addition  to  its  amount,  for  the  reading  itself  will  show 
whether  it  is  to  the  left  or  right  of  the  middle  position  of 
the  spot  of  light,  which  should  be  noted  down  any  way.  The 
actual  deflection  in  this  case  is  the  difference  between  the 
at  rest  and  deflection  readings;  in  any  case  it  is  the  actual 
distance  the  spot  of  light  moves  across  the  scale. 

16.  The  angle  between  the  original  beam  and  the  reflected 
beam  will  be  equal  to  twice  the  angle  of  deflection  of  the  mirror. 
Allowance  for  this  fact  must  be  made  when  it  is  necessary  tc 
determine  the  angle,  or  the  tanijeniof  the  angle  of  deHection 
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of  the  deflecting  galvanometer.  This  may  be  explained  as 
follows:  Let  on.  Fig.  9,  be  the  normal,  vmdeflected  position  of 
the  mirror  and  suppose  it  is  parallel  to  the  scale  df.  A  ray  of 
light  along  ac  is  then  reflected  back  along  ca.  If  the  mirror 
is  deflected,  through  any  angle  w°,  to  the  position  «V  the 
ray  a c  will  be  reflected  along  c by  the  angle  ace,  called  the 
angle  of  incidence,  being  equal  to  the  angle  ec  b,  called  the  angle 
of  reflection.  The  line  ce  is  drawn  normal  or  perpendicular 
to  the  mirror  o^  n*.  Since  a  c  is  perpendicular  to  «  ^  and  ec 
perpendicular  to  n' o^,  then  perpendicular  line  ec  must  have 
moved  through  the  same  angle  as  the  mirror  o^c\  hence,  the 
angle  ace  =  angle  oc&  =  angle  m^.  But  the  angle  ace 
=  angle  ecb,  because  it  is  a  well-known  fact  that  the  angle 
of  incidence  equals 
the  angle  of  reflec- 
tion, consequently, 
the  angle  a  ^  ^  =  2  X 
angle  w°.  The  dis- 
tance ab  is  usually 
called  the  deflection  of 
the  galvanometer. 
The  tangent  of  the 
angle  acb  is,  accord- 
ing to  trigonometry, 

equal  to  — ,  that  is. 


ac 


tan  acb  ^ 


a  b 


a  c 


But 


Fio.  9 


the  angle  ^i  ^^  is  twice  the  angle  through  which  the  mirror  is 

deflected,  that  is,  --  =  tan  2  m?. 

ac 

Furthermore,  it  is  not  correct  to  say  that  tan  i  {acb)  or 


tan  m?  = 


ab 
2ac 


because  i  tSLn2m°  is  not  equal   to    tanw°. 


Consequently,  it  is  not  strictly  correct  to  assume  that  scale 
deflections  are  proportional  to  the  tangent  of  the  angle  of 
deflection  of  the  mirror  or  needle.  However,  the  error  is 
less  than  1  per  cent,  for  deflections  not  exceeding  200  scale 
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divisions  on  a  scale  distant  1,000  scale  divisions  from  the 
mirror.  For  very  small  angles,  such  as  are  usually  obtained 
with  the  ordinary  arrang^ement,  having^  a  scale  about  50  centi- 
meters long  set  about  1  meter  from  the  galvanometer,  it  is 
generally  correct  enough,  except  for  the  most  accurate 
measurements,  to  assume  that  the  tangent  of  the  angle  of 
deflection  of  the  mirror  equals  the  deflection  on  the  scale 
divided  by  twice  the  distance  of  the  scale  from  the  mirror. 
When  using  a  scale,  care  should  be  taken  that  it  is  parallel 
to  the  plane  of  the  galvanometer  mirror  in  its  undeflected 
position,  otherwise  equal  angular  deflections  of  the  mirror 
on  each  side  of  its  normal  zero  position  will  not  give  equal 
deflections.  Moreover,  it  is  usually  preferable  to  have  the 
spot  of  light  rest  at  about  the  center  of  the  scale  when  the 
galvanometer  system  is  in  its  normal  at  rest  position. 

17.  Astatic  Magrnets. — The  magnet  of  a  reflecting 
galvanometer  sometimes  consists  of  a  number  of  small 
magnets,  made  from  bits  of  steel  needles  or  pieces  of  watch 
spring,  one-half  of  the  magnets  arranged  with  their  poles 
opposing  the  remainder,  which  makes  the  magnet  astatic; 
that  is,  the  earth's  field  has  almost  no  directive  force  on  the 
magnetic  system  of  the  instrument.  By  using  a  strong  con- 
trolling magnet,  the  instrument  is  made  almost  independent 
of  the  earth's  field,  and  thus  errors  or  drift  due  to  variations 
in  the  horizontal  component  of  the  earth's  magnetism  are 
rendered  of  little  effect. 

18.  Damping^. — When  the  magnetic  system  with  its 
mirror  is  suspended  by  a  long  fiber,  considerable  diflSculty 
in  reading  may  be  met  with,  owing  to  the  length  of  time 
required  for  the  needle  to  come  to  rest  after  being  deflected. 
This  is  corrected  by  damping  the  moving  parts  of  the 
instrument,  which  may  be  effected  by  suspending  from  the 
needle  a  small  fan,  or  vane,  of  very  light  construction,  which, 
by  reason  of  the  friction  of  the  air  on  the  blades  of  the  fan 
as  it  rotates  causes  the  needle  to  swing  more  slowly  and 
come  to  rest  more  quickly.  The  damping  effect  is  increased 
by  placing  the  vane  in  a  small  and  almost  air-tight  chamber. 


§8  ELECTRICAL   MEASUREMENTS  19 

This  damping  effect  is  an  important  feature  of  most  meas- 
uring instruments.  Other  methods  are  used,  one  of  which 
is  to  enclose  the  moving  magnetic  needle  in  a  cavity  in  a 
block  of  copper;  the  movement  of  the  needle  then  sets  up 
little  eddy  currents  in  the  copper  block,  which  retard  the 
movement  of  the  needle,  giving  the  desired  damping  effect 
without  affecting  the  final  deflection. 
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19.  It  is  often  desirable  to  use  an  instrument  for  indi- 
cating the  presence  of  very  small  currents  without  necessarily 
measuring  their  value.  For  this  purpose  a  tangent  galva- 
nometer must  be  considerably  modified.     By  inspecting  the 

5  JC  f 
formula  /  =  —    --  tan  m^  for  the  tangent  galvanometer, 

ic  T 
we  see  that  to  produce  a  given  deflection  w°  the  current  / 
w^ill  be  a  minimum  when  the  controlling  field,  as  X  is  called, 
and  the  mean  radius  r  of  the  coil  have  minimum  values  and 
there  are  a  maximum  number  of  turns  T  in  the  coil.  The 
controlling  effect  of  the  field  is  reduced  by  using  an  astatic 
system  of  needles,  because  the  controlling  force  is  then  due 
only  to  the  difference  of  two  very  nearly  equal  reactions;  that 
is,  the  two  reactions  between  X  and  the  two  reversed  sets 
of  needles.  If  one  set  is  exactly  equal  to  the  other  in  every 
respect,  the  system  will  point  indifferently  in  any  direction 
when  suspended  in  the  earth's  field.  If  one  set  of  needles  is 
slightly  stronger  than  the  other,  which  is  invariably  the  case 
in  practice,  the  directing  force  due  to  the  earth's  field  will 
even  then  be  very  small. 

Ordinarily  X  in  the  formula-  for  the  tangent  galvanometer 
is  understood  to  be  the  field  due  to  the  earth's  horizontal 
component,  but  it  is  really  the  field  acting  on  the  needles 
from  whatever  source  it  may  be  due,  except  that  produced  by 
the  current  in  the  coil.  Then  X  in  the  formula  may  be  made 
much  weaker  than  the  earth's  field  by  using  a  permanent  bar 
magnet  so  placed  as  to  neutralize  nearly  all  or  to  very  slightly 
more  tbaq  neutralize  the  strength  of  the  earth's  field.     There 
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is  then  left  an  exceedingly  weak  controlling  field  at  the 
needles.  Furthermore,  the  radius  of  the  coil  may  be  reduced 
until  there  is  merely  room  at  the  center  of  the  coil  for  the 
needles  to  rotate  freely.  There  is  a  limit  to  the  thickness  of 
the  coils  and  to  the  number  of  turns  because  in  a  short,  or 
flat,  coil,  as  used  in  galvanometers,  the  effect  of  a  turn 
on  the  needle  with  a  given  current  diminishes  as  the 
radius  of  the  turn  increases,  as  will  be  evident  from  a 
consideration  of  the  formula  3C  =  ^ — ,  in  which  X.  is  the 

intensity  of  the  field  at  the  center  of  a  very  short  coil  due 
to  a  current  of  /  amperes.  Furthermore,  an 
increase  in  the  number  of  turns  beyond  a 
certain  limit  increases  the  size  of  the  coil 
and  consequently  increases  the  length  of  the 
outside  turns  so  much  that  the  increase  in 
the   resistance   of   the   coil   more   than  off- 

1  sets  the  advantage  gained  by  the  increased 

tendency  of  these  outside  tiuns  to  rotate 
the  needle. 

20.     The  magnets  are  arranged  to  form 
an  astatic  system;  the  little  magnets  of  one 
set,  all  of  which  point  in  one  direction,  being 
bung  a  little  below  the  other  set,  all  the  mag- 
nets of  which  point  in  the  opposite  direction. 
Generally,  two  or  four  coils  are  used.    When 
two  coils  are  used,  one  is  placed  close  to 
and  directly  behind  the  other  and  one   set  of   needles   is 
arranged  to   rotate   in   a   little   cavity  between   them;    the 
other  set  of  needles  rotates  immediately  below  or  above  the 
coils.     The  two  sets  are  fastened  rigidly  to  a  very  fine  glass 
or  quartz  fiber,  to  which  a  very  small  light  mirror  is  also 
fastened.     When  four  coils  are  used,  each  set  of  needles  is 
arranged  to  rotate  between  two  coils.     This  arrangement 
is  indicated  in  Fig.  10,  in  which  A  represents  two  coils,  one 
behind  the  other,  and  B  two  coils,  one  behind  the  other. 
The  very  small  needles  /^  S  and  A"  S',  which  are  usually 
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made  of  magnetized,  glass-hard  steel,  piano  wire,  are  glued 
to  small  pieces  of  very  thin  mica,  which  are  in  turn  glued  to 
a  very  fine  glass,  or  preferably  a  quartz,  fiber  e{.  The 
needles  rotate  about  the  fiber  as  an  axis  in  a  small  recess 
between  and  in  the  center  of  the  coils.  To  the  fiber  is  also 
fastened  a  very  small  light  mirror  M  by  means  of  which 
the  deflection  may  be  observed.  The  rotating,  or  needle, 
system  should  be  very  light.  The  needle  systems  are 
usually  suspended  by  means  of  very  fine  fibers  of  unspun 
silk  or  quartz.  No  matter  how  many  coils  there  may  be  or 
whether  they  are  connected  in  series  or  in  multiple,  the  cur- 
rent must  circulate  in  each  coil  in  such  a  direction  that  they 
all  tend  to  rotate  the  needle  system  in  the  same  direction; 
otherwise,  they  will  oppose  instead  of  assist  one  another,  as 
they  should  do. 

In  very  sensitive  galvanometers  there  is  very  little  clear- 
ance between  the  coils,  the  needles  are  very  short,  the  whole 
suspended  system  weighs  only  a  few  milligrams,  and  the 
suspending  quartz  or  silk  fibers  are  so  fine  that  they  can 
scarcely  be  seen  with  the  naked  eye.  Galvanometers  of  this 
type  may  be  made  to  distinctly  detect  currents  that  are  as 
small  as  .000000000001  or  10  "  "  ampere.  Although  the  deflec- 
tions of  very  few  sensitive  reflecting  galvanometers  follow 
the  law  of  the  tangent  galvanometer,  nevertheless  the  angle 
of  the  deflections  obtained  is  generally  so  small  that  the 
deflections  themselves  are  proportional,  to  within  about 
1  per  cent.,  to  the  currents  producing  them.  .  Where  the 
ratio  of  two  deflections  is  used,  especially  if  the  deflections 
are  nearly  equal  in  value,  the  ratio  may  be  nearer  correct 
than  either  deflection.  Hence,  such  galvanometers  may  be 
used  for  comparative  measurements,  as  well  as  for  the 
detection,  of  very  small  currents. 

This  form  of  instrument  is  known  as  the  Thomson,  or 
Kelvin,  gralvanometer.  The  one  shown  in  Fig.  7  is  a 
four-coil  instrument  with  a  controlling  magnet  on  a  rod 
above  the  case,  which  can  be  moved  up  or  down  or  rotated 
about  a  vertical  axis.  It  has  a  lamp  and  scale  for  observing 
the  deflections. 
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21.  An  electromagnetic  measuring^  instrument  that  is 
quite  extensively  used  is  the  D^Arsonval  galvanonieter, 
which  derives  its  name  from  its  inventor,  a  French  physicist. 
For  the  detection  of  very  minute  currents  the  Thomson  gal- 
vanometer is  best  suited,  but  its  use  is  attended  with  many 
difficulties  which  render  it  unfit  for  many  forms  of  prjictical 
work.  As  a  laboratory  instrument,  however,  where  it  can  be 
properly  shielded  from  the  magnetic  fields  set  up  by  neigh- 

^  boring  electrical  machinery  or 

^^^0=5:;:^  by  trolley  or  lighting  currents, 

/f         ''       ^  it  is  unexcelled.    The  D'Arson- 

I  „  I  val  galvanometer,  however,  is 

sensitive  enough  for  nearly  all 
practical  work,  and  possesses 
the  advantage  of  being  prac- 
tically free  from  the  effects  of 
external  fields.  It  is  now  made 
in  portable  form,  so  that  it  can 
be  unpacked  and  set  up  in  a 
few  moments. 

The  principle  of  the  D'Ar- 
sonval  galvanometer  differs 
slightly  from  that  of  the  galva- 
nometers so  far  described.  It 
consists,  as  shown  in  Fig.  11, 
of  a  large  permanent  horseshoe 
magnet  PP,  between  the  poles  of  which  is  suspended  a  coil 
of  wire  C  Current  which  is  led  to  the  coil  by  means  of 
the  suspension  causes  the  coil  to  rotate  about  its  axis,  the 
tendency  of  the  coil  being  to  place  itself  at  right  angles  to 
the  lines  of  force.  This  tendency  is  opposed  by  the  suspen- 
sion, which  may  be  a  spring  or  fine  wire.  A  pointer  may 
be  attached  to  the  coil  to  indicate  its  deflection,  though 
usually  a  mirror  J/  is  used,  from  which  a  reflected  beam  of 
light  forms  the  pointer,  as  in  any  reflecting  galvanometer. 
In  many  forms  of  this  instrument  a  soft-iron  core  /supported 


Fig.  11 
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between  the  poles  of. the  magnet  from  the  rear  (a  space,  in 
which  the  coil  swings,  being  left  between  the  core  and  the 
magnet)  serves  to  increase  the  strength  of  the  field  in  which 
the  coil  moves. 

By  suitably  shaping  the  poles  of  the  magnet,  the  intensity 
of  the  magnetic  field  in  various  parts  may  be  so  varied  that 
the  movement  of  the  beam  of  light  will  be  directly  propor- 
tional to  the  current  in  the  coil.  Fig.  11  represents  an  early 
form  of  the  D'Arsonval  galvanometer.  Connection  from  the 
binding  posts  By^  B  to  the  coil  C  is  made  through  fine 
platinum,  or  phosphor-bronze,  wires  5,  S, 

The  damping  of  the  moving  coil,  which  is  often  very 
desirable,  may  be  affected  by  winding  the  coil  on  a  bobbin 
of  thin  copper  or  other  non-magnetic  metal.  The  movement 
of  this  bobbin  with  the  coil  through  the  field  generates  eddy 
currents  in  the  bobbin,  which  produce  the  required  damping 
eflFect. 

One  of  the  chief  advantages  of  this  instrument  is  the  fact 
that  external  fields,  such  as  the  earth's  magnetism,  have 
little  eflEect  on  it,  so  that  it  requires  no  controlling  magnet 
or  correction  for  the  earth's  field,  and  may  be  used  near 
dynamos  and  large  masses  of  iron  without  being  affected. 
They  are  not  as  sensitive  as  Thomson  galvanometers;  hence, 
they  are  not  as  suitable  in  a  laboratory  as  the  latter  for  the 
mere  detection  of  very  minute  currents.  Many  of  the  com- 
mercial forms  of  portable  instruments  are  built  on  the 
principle  of  the  D'Arsonval  galvanometer. 

22.  One  form  of  D'Arsonval  galvanometer  quite  exten- 
sively used  is  shown  in  Fig.  12,  in  which  P  are  the  perma- 
nent magnets  by  which  the  field  of  force  in  which  the  coil  is 
suspended  is  maintained.  The  needle  and  suspension  are 
placed  within  the  tube  7",  which  is  shown  in  the  left-hand 
portion  of  the  figure.  This  tube  may  be  removed  from  the 
frame  of  the  instrument  when  it  is  desired  to  change  coils. 
In  some  instruments  the  tube  may  also  be  completely 
removed  from  the  inner  rib  sustaining  the  coil  system,  thus 
making  the  latter  readily  accessible  when  it  is  necessary  to 
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make  repairs  of  the  worting  parts  within.  The  coil  system, 
as  the  coil  N  and  its  supporting  parts  are  termed,  is  shown 
in  detail  at  the  right  of  the  figure.     ^  is  a  rib  supporting 


at  the  top  and  the  bottom  the  torsion  heads  B,  F.  Secured 
above  the  rectangular  coil  A',  which  consists  of  many  turns 
of  fine  wire,  Is  a  mirror  M  that  reflects  a  ray  of  light  Ihrough 
Lhe  window  O.    The  coil  is  suspended  by  a  straight,  clastic 
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fiber  5*  of  some  conducting  material,  such  as  phosphor  bronze, 
while  its  lower  part  is  connected  by  a  coil  of  wire  C/,  usually 
of  the  same  material,  with  the  lower  torsion  head  F.  Cur- 
rent is  led  through  the  coil  N  by  means  of  the  suspension 
fiber  5  and  the  coil  U,  The  torsion  of  the  suspending  fiber 
tends  to  hold  the  needle  in  a  certain  normal  position,  which 
may  be  regulated  by  turning  the  torsion  heads  By  /%  usually 
by  turning  B  alone.  When  it  is  desired  to  move  the  instru- 
ment, the  thumbscrew  A  at  the  top  of  the  system  may  be 
tightened,  thus  drawing  up  the  rod  L  and  causing  the  fork 
carried  by  its  lower  end  to  engage  a  disk  Q^  which  raises 
the  needle  just  enough  to  remove  its  weight  from  the 
suspending  fiber  S. 

Owing  to  the  shape  of  the  pole  pieces,  the  deflections  are 
practically  proportional  to  the  deflecting  ciurents.  Inter- 
changeable coils  and  suspending  systems  are  made  so  that 
the  instrument  may  be  used  either  as  a  dead  beat  or  ballistic 
galvanometer;  dead  beat  means  that  the  coil,  when  deflected, 
does  not  swing  back  and  forth  before  it  comes  to  rest  like 
the  needle  of  an  undamped  galvanometer  will  do,  but  it 
immediately  swings  to  and  remains  at  its  proper  point  of 
deflection.  This  is  accomplished  by  making  the  weight  and 
lateral  dimensions  of  the  coil  as  small  as  possible  in  order 
to  give  it  the  smallest  possible  moment  of  inertia;  further- 
more, it  may  be  damped  by  winding  the  coil  on  a  non-magnetic 
metal  bobbin  or  by  fastening  a  mica  vane  moving  in  a  con- 
fined air  chamber  that  is  no  larger  than  absolutely  necessary 
to  allow  it  to  rotate  without  touching  the  walls  of  the  confi- 
ning chamber.  Or,  both  means  may  be  used  to  increase  the 
damping  effect.  . 

ROWLAND    D'ARSONVAL    GAXVANOMETER 

23.  The  Rowland  form  of  the  D'Arsonval  galvanometer, 
shown  in  Figs.  13  and  14,  is  used  not  only  in  laboratories 
and  testing  rooms  but  also  with  portable  testing  sets.  It 
may  be  screwed  against  a  wall  and  the  telescope  and  scale 
attachment  thrown  up  and  locked  out  of  the  way  when  not  in 
use.     Or,  the  galvanometer  backboard  may  be  placed  in  a 
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metal  tripod  so  that  the  whole  instrument  may  be  set  up  and 
used  on  a  table.  Some  instruments  are  constructed  so  that 
the  backboard  may  also  serve  as  a  table  tripod.  The  upper 
suspension  is  a  straight  phosphor-bronze  strip,  6  inches  long 
and  rolled  from  a  wire  li  mils  in  diameter.  The  lower  con- 
ductor is  a  helical  spring  made  from  a  similar  strip  of  the 
same  length.  The  suspension  system  has  all  the  necessary 
adjustments  so  that  the  coil  may  be  suspended  free  from 
twist  in  the  suspension  conductors  and  raised  or  lowered. 


Pio,  B 

In  one  type  of  this  instrument  a  light  aluminum  vane  may 
be  readily  attached  to  the  coil  system,  thus  rapidly  convert- 
ing an  undamped  coil  into  a  damped  coil  that  is  very  dead 
beat  and  more  suitable  for  most  measurements.  The  vane  d 
is  slid  in  a  groove  behind  the  mirror  c,  and  swings  within  an 
almost  air-tight  box.  Fixed  to  the  mirror  support  is  a  light 
cross-wire  c  which,  when  the  vane  is  removed,  prevents  the 
spinning  around  of  the  suspension  system  by  an  excessive 
current.  By  means  of  the  milled  screw-head  /  in  Fig.  14,  to 
which  is  attached  the  stiff  wire  i,  the  coil  may  be  lifted  off 
the  suspending  conductor  and  firmly  clamped.  The  mirror  e 
is  tilted,  as  shown  enlarged  at  {b),  to  prevent  the  reflection 
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from  the  mirror  and  that  from  the  surface  of  the  glass  win- 
dow being  thrown  in  the  same  direction,  thus  interfering  with 
each   other.     Those  who   have  used  galvanometers  giving 
trouble  from  this  cause  will  appreciate  this  simple  but  very 
desirable  improvement.     Whether  fast- 
ened to  a  wall  or  placed  on  a  table,  the 
instrument  may  be  leveled  by  screws 
provided  for  that  purpose.     The  shape 
of  the  pole  pieces  is  such  as  to  give 
deflections  almost  perfectly  proportional 
to  the  current  through  the  coil.     The 
working  parts    of   the   instrument   are 
protected  by  a  front  cover  that  may  be 
quickly  and  readily  removed.     The  tel- 
escope  and    scale  have  all  the  adjust- 
ments necessary.     The  scale,  which  is 
i  meter  long,  divided  into  millimeters, 
is  set  exactly  i  meter  from  the  mirror. 


BAI^LISTIC    GALVANOMETER 

24.  A  ballistic  gralvanometer  is 
one  used  to  measure  instantaneous  cur- 
rents; that  is,  currents  that  last  but  a 
very  brief  interval  of  time.  For  this 
purpose,  it  is  essential  that  the  movable 
system  shall  be  damped  as  little  as 
possible  and  its  weight  need  not  be 
made   small;    in  fact,   it  is  sometimes 

weighted.  Some  form  of  reflecting  galvanometer  Is  gener- 
ally used  for  this  purpose.  If  a  momentary  current  passes 
through  the  coils  of  a  ballistic  galvanometer,  and  especially 
one  having  a  heavy  suspended  system,  the  impulse  given  to 
the  suspended  system  does  not  cause  it  to  move  appreciably 
until  after  the  current  has  ceased,  owing  to  the  inertia  of  the 
heavy  moving  parts,  which  results  in  a  slow,  undamped 
swing  of  the  system  after  the  impulse  has  ceased.  The 
maximum  angle  of  swing  must  be  read  by  watching  the  spot 
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of  light,  reflected  from  the  mirror  attached  to  the  suspended 
system,  move  across  a  suitably  divided  scale,  and  noting:  the 
point  at  which  the  spot  of  light  ceases  to  move  and  begins 
to  swing  back.  The  quantity  of  electricity  (the  number  of 
coulombs)  that  passes  through  the  coils  of  the  instrument  is 
proportional  to  the  sine  of  one-half  this  angle  of  deflection  of 
the  needle. 

e  =  A''sin*^°  (4) 

The  deflection  being  usually  small,  the  quantity  of  elec- 
tricity may  be  regarded  as  directly  proportional  to  the  angle 
of  deflection.  As  the  use  of  the  mirror  and  ray  of  light 
instead  of  a  pointer  merely  doubles  the  angle  of  deflection, 

fn^  d 

then  sin  -  -  is  approximately  equal  to  -7-,  j  being  the  distance 

between  the  scale  and  the  mirror,  measured,  of  course,  in  the 
same  units  as  d.  With  the  galvanometer  at  a  flxed  distance 
from  the  scale,  4  s  remains  constant;  hence,  it  will  introduce 
no  serious  error  to  consider  the  quantity  of  electricity  pro- 
portional to  the  swing  of  the  spot  of  light  across  the  scale, 
and  the  last  formula  may  be  modified  to  read 

Q^Kd  (5) 

where  d  is  deflection  in  scale  divisions.     It  will  be  seen  that 

K  in  formula  6  is  equal  to  -7—,  in  which  K'  is  the  constant  in 

4j 

formula  4. 

For    accurate    results,    a    ballistic    galvanometer    should 

have  as  little  damping  as  possible.     It  will  depend  on  the 

method  used  and  the  accuracy   desired  as  to  whether  it  is 

necessary  to  correct  for  damping.* 


*The  throw  of  a  ballistic  galvanometer  may  be  corrected  for  damp- 
ing in  a  simple  manner,  provided  the  damping  is  small  and  the  throw 
small.  If  the  throw  is  so  small  that  the  angle  may  be  taken  for  the 
sine  of  the  angle,  then  d  —  di-\-  \(dx  —  ^,),  in  which  dx  is  the  first 
throw  and  d^  the  following  one  in  the  same  direction,  that  is,  on  the 
same  side  of  the  scale,  and  d  is  the  throw  corrected  for  the  damping. 
The  theory  and  complete  formulas  ff)r  damping  are  rather  compli- 
cated and  are  seldom  if  ever  used  in  practical  work;  hence,  they  are 
not  given  here. 
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The  ballistic  gfalvanometer  is  used  to  determine  the  mag- 
netic qualities  of  iron  and  the  electrostatic  capacity  of  con- 
densers, lines,  and  cables. 

25.  Fig.  15  shows  one  form  of  ballistic  galvanometer  in 
which  Cy  Cx  are  two  coils,  either  of  which  may  be  swung 
back,  as  shown,  to  examine  or  remove  the  magnetic  system. 
Each  coil  is  supported  from  a  brass  strip,  both  of  which  are 
clamped  in  place  by  the  nut  //.  Connections  to  the  coils 
are  made  from  the  terminals  P,  /\,  while  the  coils  are  con- 
nected together  by  a  flexible  conductor  /%  which  allows 
either  coil  to  be  swung  aside  without  disturbing  the  connec- 
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tions.  When  in  use,  the  instrument  is  surrounded  by  a  case 
"(not  shown)  through  insulating  bushings,  or  small  air  spaces, 
in  which  the  binding  posts  B,  B^  project. 

The  magnetic  system,  an  enlarged  section  of  which  is 
shown  at  the  right,  is  suspended  by  a  fine  quartz  fiber  from 
the  torsion  head  Z",  the  magnets  and  mirror  being  hooked 
on  to  the  lower  end  of  the  suspension  by  the  hook  /. 

The  magnets  are  thimble-shaped  and  are  sometimes  filled 
with  lead  to  give  extra  weight.  The  system  is  rendered 
astatic  by  the  arrangement  of  polarities  as  shown,  the 
upper  and  lower  magnets  being  the  stronger,  and  there- 
fore directing  the  system.     An  external  controlling  magnet 
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may  be  used  with  this  system,  but  it  is  not  very  often  neces- 
sary. The  sensibility  of  the  system  is  varied  by  screwing^ 
the  small  soft-iron  ring  W  up  or  down  on  the  lower  mag^net. 
If  the  ring  is  screwed  up,  it  short-circuits  some  of  the  lines 
from  that  magnet,  thus  weakening  its  effect  on  the  system. 

26,  For  many  purposes  a  properly  constructed  D'Arsonval 
galvanometer  may  be  used  as  a  ballistic  galvanometer.  When 
it  is  desirable  to  make  one  galvanometer  and  one  movable 
system  answer  for  measuring  transient  as  well  as  currents 
of  longer  duration,  a  D'Arsonval  galvanometer  is  sometimes 
used  with  merely  the  damping  vane  removed  when  transient 
currents  are  to  be  measured  or  compared. 

When  a  D'Arsonval  galvanometer  is  used  for  ballistic 
tests,  the  movable  system,  being  damped  as  little  as 
possible,  may  be  brought  to  rest  at  or  near  its  zero  position 
very  quickly  by  closing  a  key  that  short-circuits  the  galva- 
nometer coil.  When  the  coil  is  thus  short-circuited  through  a 
low  external  resistance,  the  E.  M.  F.  generated  in  the  coil  when 
it  swings  and  cuts  lines  of  force,  produces  such  a  relatively 
large  current  that  its  reaction  on  the  field  very  soon  brings 
the  coil  to  rest.  Thus,  considerable  time  is  saved  that  would 
otherwise  be  wasted  while  waiting  for  the  coil  to  come  to 
rest.  The  two  terminals  of  the  key  should  be  connected 
directly  to  the  terminals  of  the  galvanometer.  The  key  may 
be  closed  as  soon  as  the  observation  has  been  obtained.  A 
D'Arsonval,  when  used  as  a  ballistic  galvanometer,  should 
require  about  15  seconds  to  make  one  complete  oscillation, 
thus  allowing  the  transient  current  that  it  is  intended  to 
measure  time  enough  to  have  passed  through  the  galvanom- 
eter before  the  system  has  moved  much,  if  at  all. 

27.  The  galvanometers  described  comprise  the  principal 
forms  of  galvanometers  in  use.  The  selection  of  any  one 
instrument  for  a  test  depends  on  its  particular  fitness  for  that 
work.  All  galvanometers,  however,  are  merely  current 
measurers,  or,  in  some  cases,  current  indicators  only,  and 
certain  features  of  their  use  and  certain  apparatus  used  with 
them  are  common  to  all. 
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CALIBRATING    A    BALLISTIC    GALVANOMETER 

28.  The  constant  K  for  a  ballistic  galvanometer  may  be 
determined  by  sending  a  known  quantity  of  electricity  Q 
through  the  galvanometer   and   noting   the  deflection  d  it 

produces.     Then  from  the  formula  Q-=^  K  d^  we  get  A^  =  —. 

d 

Knowing  K,  any  other  quantity  Q^  that  produces  an  observed 
deflection  d\  may  be  calculated,  for  then  Q  ^[yAd'.    Two 

ways  of  calibrating  a  ballistic  galvanometer  are  given;  the 
one  to  be  used  will  depend  on  the  measurement  to  be  made 
and,  sometimes,  on  which  may  happen  to  be  the  more 
convenient. 


^^-JWWW 
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29.  lions-Coil  Metliod. — The  long-coil,  or  Thomson, 
method  of  calibrating  a  ballistic  galvanometer,  consists  in 
connecting  the  galvanometer  in  series  with  a  coil  of  a  known 
number  of  turns  that  is  wound  over  a  long  coil  whose  area, 
length,  and  number  of  turns  are  known,  this  coil  being  wound 
on  a  long  non-metallic  core.  If  a  known  current  is  made  or 
broken  in  the  latter  coil,  the  number  of  lines  of  force  cut  by 
the  first?;  or  secondary,  coil  can  be  accurately  calculated.  In 
Fig.  16,  let  C  represent  a  coil,  called  primary  coil^  wound 
on  a  non-magnetic  core,  usually  a  wooden  rod  or  a  glass 
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tube,  the  length  of  the  coil  C  being  great  compared  to  its 
outside  diameter. 

Let  the  length  of  the  coil  be  /  centimeters,  the  number  of 
turns  7",  and  its  mean  sectional  area  A  square  centimeters. 
The  mean  area  of  a  coil  is  one-half  the  sum  of  the  inside  and 
outside  areas.    If  the  coil  is  cylindrical,  as  is  usually  the  case, 

then  the  mean  area  -^4  =  -^  (r*  +  ri"),  randri  being  the  inside 

and  outside  radii  of  the  coil,  in  centimeters.    Over  the  middle 

of  the  primary  coil  is  wound  a  so-called  secondary  coil  C, 

which   is   comparatively    short,    is   usually   of    much   finer 

wire    and    has    a    large    number   of   turns    7",.     The   field 

density  produced  inside  of  the  secondary  when  a  current  of 

/  amperes  flows  through  the  primary  coil  is  given  by  the 

1  257  /  T 
formula  3C  =  — — ,  which  has  been  explained  in  a  previous 

Section.  The  sectional  area  of  the  primary  is  A\  hence,  the 
total  number  of  lines  of  force  surrounded  by  the  secondary 

•g_Lj —  ^11  these  lines  are  cut  by  each  turn  in  the 

secondary  coil  whenever   the   primary  circuit  is  closed  or 

opened;  hence,  the  entire  secondary  cuts  -^— lines 

of  force.  Since  the  E.  M.  F.  developed  in  any  circuit  is 
given  by  the  formula  E  =  ttt-i  i^^  which  /  is  the  time,  in 
seconds,  during  which  there  is  a  total  change  of  (^  lines 

1.257^ /rr. 


of  force,  then  the  E.  M.  F.  developed   is 


10*// 


Now  Q  —  It  and  7  =  -— ,  hence  Q  =  -— ,  in  which  R  is  the 

R  R 

total   resistance  of   the  galvanometer   circuit.     In  the  last 

expression  substituting  for  E  its  value  given  above,  we  get 

for  the  quantity  of  electricity,  in  coulombs,  that  will  be  pro- 

1  257  A  I  T  T 
duced,  Q  =  -— -  -        -   -    '.    The  time  /  has  been  eliminated 

10  I R 

from  the  expression  for  Q.     Hence,  this  expression  for  Q  is 

independent  of  the  rate  of   change;  for,  assiuning  that  the 
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number  of  lines  of  force  changes  uniformly  for  1  second, 
and  that  the  turns  of  the  secondary  coil  are  such  that  1  volt 
is  generated  in  that  coil,  then,  if  the  resistance  of  the  entire 
secondary  circuit  is  1  ohm,  1  ampere  will  flow  for  1  second, 
or  as  long  as  that  E.  M.  F.  is  being  generated;  that  is,  the 
quantity  of  electricity  will  be  1  coulomb.  If  the  number  of 
lines  of  force  be  changed  by  the  same  amount,  but  in 
2  seconds,  only  i  volt  will  be  generated  in  the  secondary 
coil,  and  only  i  ampere  will  flow  in  the  secondary  circuit,  but 
it  will  flow  for  2  seconds,  and  the  quantity  of  electricity  will 
be  the  same  as  before.  The  same  holds  true  if  the  rate  of 
change  in  the  number  of  lines  is  not  uniform,  which  is  usually 
the  case. 

If  this  quantity  Q  produces  a  deflection  d  of  the  gal- 
vanometer, then  Q  =  ^'^\^!I^'  =  ^^^  fro°i  which  K  = 

1.257^/7^  Then,  if  an  unknown  quantity  Q  coulombs 
produces  a  deflection  d'  of  the  same  galvanometer,  we  have 

in  which  A  is  given  in  square  centimeters  and  /  in  centi- 
meters. If  the  sectional  area  is  A  square  inches  and  the 
length  /  inches,  then 

^  \&lRd 

In  many  measurements  R  in  the  last  two  formulas 
may  be  eliminated  and,  therefore,  need  not  be  known,  pro- 
vided that  it  is  not  changed  after  the  galvanometer  is  once 
calibrated. 

30,  Standard  Condenser  Method. — Another  way  to 
calibrate  a  ballistic  galvanometer  is  to  charge  a  standard 
condenser  of  known  capacity  with  a  known  E.  M.  F.  and 
then  to  immediately  discharge  the  condenser  through  the 
galvanometer.  It  is  known  that  the  deflection  of  a  ballistic 
galvanometer,  provided   the  damping  is  not  excessive,   \% 

43—30 
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proportional  to  the  quantity  of  electricity  flowing:  through  the 

galvanometer;  that  is,  Q  \  Q  ^  d  \  d!^  Q  being   a  quantity 

that  produces  a  throw  d^  and  Q  another  quantity  that  pro- 

Od* 
duces  a  throw  cP.     Hence,  Q  —^  But  Q  may  be  calcu- 

d 
lated,    if    a    condenser    of    known    capacity   C  is   charged 
with    a    known    E.  M.  F.    Ey   by    the    formula   Q  =  E  C. 
Hence,  substituting  this  value  for  Q  in  the  last  expression, 
we  get 

& = {""-y   (8) 

Hence,  if  an  unknown  quantity  of  electricity  ff  produces  a 
throw  <f ,  the  value  of  ff  may  be  calculated  by  the  last  for- 
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mula,  if  the  galvanometer  is  calibrated  by  observing  the 
throw  d  produced  when  a  condenser  of  known  capacity  C 
charged  to  a  known  potential  E  is  discharged  through  the 


same  galvanometer. 


EC 


may  be  called  the  constant  of  the 


ballistic  galvanometer  as  determined  by  this  method. 

The  most  convenient  connections  for  the  calibration  of 
a  ballistic  galvanometer  by  this  method  are  shown  in 
Fig.  17.  When  the  battery  circuit  is  closed  at  the  end  a  of 
the  double  contact  key  K  the  condenser  C  of  known  capac- 
ity is  charged;  when  the  circuit  is  closed  at  the  end  b  by 
releasing  the  key,  the  condenser  is  discharged  through  C, 
The  throw  due  to  discharge  should  be  observed  as  quickly 
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as  possible  after  charging  the  condenser,  and  the  mean  of 
several  observations  should  be  used  for  d  in  the  last  formula. 
E  is  the  E.  M.  F.  of  a  standard  cell  B. 


SENSITIVENESS    OF    GALVANOMETERS 

31.  There  are  in  use  two  ways  of  specifying  the  sensi- 
tiveness^  sensibility^  or  figure  of  merit  of  a  galvanometer,  as 
it  is  variously  termed.  It  is  defined  either,  (a)  as  the  cur- 
rent, in  amperes,  required  to  produce  unit  deflection,  or  (b) 
as  the  total  resistance  of  the  galvanometer  circuit  through 
which  an  E.  M.  F.  of  1  volt  will  produce  exactly  unit 
deflection.  When  the  figure  of  merit  of  reflecting  gal- 
vanometers is  given  it  is  understood,  unless  specifically 
stated  to  the  contrary,  to  imply  that  the  scale  was  placed  at 
the  recognized  standard  distance  of  1  meter  from  the  gal- 
vanometer mirror  and,  furthermore,  in  the  case  of  galvanom- 
eters with  which  a  controlling  magnet  may  be  used,  the 
controlling  magnet  is  not  supposed  to  have  been  used  unless 
it  is  so  stated  and  its  position  noted.  The  first  definition  is 
the  one  usually  preferred  by  scientific  investigators,  but  the 
latter  one  is  most  frequently  used  commercially. 

In  the  case  of  galvanometers  with  the  scale  permanently 
secured  to  the  galvanometer  frame  and  at  a  fixed  distance 
from  the  mirror,  the  figure  of  merit  given  usually  applies  to 
the  permanent  fixed  distance,  although  this  distance  may  not 
be  even  mentioned.  The  distance  should  be  mentioned  by 
all  means,  however,  and  it  would  be  well  to  also  state  what 
its  figure  of  merit  would  be  if  the  scale  were  placed  1  meter 
from  the  mirror.  This  would  readily  enable  the  direct  com- 
parison of  the  sensitiveness  of  various  galvanometers. 

The  sensibility  of  the  form  of  D'Arsonval  galvanometer 
illustrated  in  Fig.  12  may  be  as  high  as  1,500  megohms  with 
a  coil  having  a  resistance  of  3,500  ohms.  A  20-ohm  coil 
may  have  a  sensibility  of  80  megohms;  a  200-ohm  coil,  a 
sensibility  of  200  megohms;  and  a  1,000-ohm  coil,  a  sensi- 
bility of  800  megohms. 

The  Rowland  form  of  D*Arsonval  may  be  made  to  hav^e 
any  sensibility  up  to  about   500   megohms;    but  over  300 
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megohms  is  not  recommended  for  most  purposes,  because 
a  sensibility  greater  than  this  tends  to  greater  accuracy  than 
is  generally  required  or  is  usually  possessed  by  the  accessory 
apparatus  employed,  while  the  delicacy  of  manipulation 
necessitated  is  correspondingly  and  uselessly  increased. 

Galvanometers  are  invariably  designated  by  their  resist- 
ance, because  that  is  most  convenient.  However,  it  is  well 
to  remember  that  it  is  the  number  of  turns  and  not  the 
resistance  of  a  galvanometer  that  determines  its  sensibility. 
High-resistance  galvanometers  are  usually  the  more  sensitive 
in  circuits  of  equally  high  resistance,  merely  because,  by  the 
use  of  fine  wire,  it  is  possible  to  get  more  turns  in  the  same 
space  and  consequently  more  ampere-turns  for  a  given  current. 


GAl-VANOMETJER    SHUNTS 

32.  If  a  resistance  be  connected  in  parallel  with  a  gal- 
vanometer, the  current  will  divide  between  the  two  branches 
of  the  circuit,  as  shown  in  Fig.  18,  and  the  galvanometer  is 
said  to  be  shunted  by  the  resistance. 

The  drop  in  volts  in  each  branch  will  be  the  same;  that  is, 
/,  5  =  /^  G,  where 

/,  =  current  in  the  shunt; 
Ig  =  current  in  the  galvanometer; 
5  =  resistance  of  the  shunt; 
G  =  resistance  of  the  galvanometer. 
The  total  current  divides  through  the  galvanometer  and 
shunt  inversely  as  their  resistances,  that  is,  Ig :  I,  =  S :  Gy 

I  C 
or  I,  =    '^~-.     But  the  total  current  I  —  1,-^-  Ig,  or  /,  =  /—  Ig. 

Equating  these  two  values  of  /.  and  solving  for  /,  we  get 

\.( 
S 

(9) 

That   is,  the    current  in  the  main  circuit,  or  the  total  cur- 
rent,  is  obtained  by  multiplying  the  current  in  the  galva- 

nomctcr  branch  by  the  quantity  "  ,  which  is  known  as 


—  /  =  /—  I^]  solving  for  /,  gives 
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the  multiplying  power  of  the  shunt.  It  is  the  amount  by 
which  any  given  shunt  will  multiply  the  range  of  a  particu- 
lar galvanometer.  Thus,  by  inserting  a  known  resistance 
in  parallel  with  a  galvanometer  of  known  resistance,  the 
total  current  flowing  may  be  calculated  from  the  current 
flowing  in  and  measured  by  the  galvanometer.  A  resistance 
arranged  for  such  use  with  a  galvanometer  is  known  as  a 
^ralvanometcr  sliunt. 

This  affords  a  convenient  means  of  increasing  the  range 
of  a  galvanometer,  as  by  inserting  the  proper  shunts,  cur- 
rents of  any  reasonable  multiple  of  the  nor- 
mal range  of  the  galvanometer  may  be 
measured. 


Mi|i|il 


33.  To  find  the  shunt  resistance  required 
to  make  the  multiplying  power  of  the  shunt 
any  desired  amount,  divide  the  resistance  of 
the  galvanometer  by  the  multiplying  power 
of  the  shunt  desired  less  1.  Let  the  desired 
multiplying  power  of  the  shunt  be  w,  then, . 

since  the  multiplying  power  of  a  shunt  of  resistance  5*  is 

G  A-  S  G  4-  S 

—  T    -»  we  may  write       "^  —  =  w,  from  which  we  obtain, 

5  =  --^  (10) 

Example. — If  a  galvanometer  has  a  resistance  of  500  ohms,  what 
must  be  the  resistance  of  a  shunt  in  order  to  give  a  multiplying  power 
of  100? 

Solution. — The  resistance  of  the  shunt  must  be  such  as  to  satisfy 

the  formula  5  = r,  in  which  G  =  500  ohms  and  m  =  100.     Sub' 

fn  —  1 

stituting  these  values  we  obtain 

S  =  TTjfj^-T  =  -gq-  =  5.0505  ohms.    Ans. 

34.  Compensating:  Resistance. — It  is  evident  that 
introducing  the  shunt  into  the  circuit  in  parallel  with  the 
galvanometer  reduces  the  resistance  of  that  part  of  the  cir- 
cuit (between  a  and  d,  Fig.  18).  In  some  delicate  measure- 
ments it  is  desirable  that  this   resistance  be  not  altered, 
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so  that  galvanometer  shunts  are  sometimes  mounted  in 
connection  with  a  second  resistance,  known  as  a  compeusa- 
tlng:  resistance,  which  is  introduced  into  the  circuit  in 
series  with  the  galvanometer  and  its  shunt.  This  resistance 
is  given  such  a  value  that  its  resistance,  plus  the  combined 
resistance  of  the  galvanometer  and  its  shunt  connected  in 
parallel,  is  equal  to  the  resistance  of  the  galvanometer 
alone.  Its  value  for  any  particular  case  may  be  calculated 
from  the  formulas  for  divided  circuits.  Such  an  arrange- 
ment is  only  used  where  it  is  necessary  to  maintain  a  very 
constant  current  in  the  main  circuit. 

Example  1. — If  a  galvanometer  whose  resistance  is  21  ohms  gives  a 
deflection  of  40  with  a  current  of  2  amperes  and  no  shunt,  what  will 
be  the  resistance  of  the  shunt  that  must  be  used  to  cause  16  amperes 
in  the  main  circuit  to  give  the  same  deflection? 

Solution. — The   multiplying   power   of   this  shunt  is  evidently  8; 

because        =  8;    therefore,   8  =  — ^   -  =  v;  +  l,  then   -^  =  7.     But 

21  21 

G  =  21,  hence  ^  =  7,  or  5"  =  ^   =  3  ohms.    Ans. 

Example  2. — What  must  be  the  value  of  a  compensating  resistance 
if  used  with  the  galvanometer  and  its  shunt  in  the  above  example? 

Solution. — Let  G  equal  resistance  of  the  galvanometer  =  21  ohms 
and  5"  equal  the  resistance  of  the  shunt  =  3  ohms.  The  joint  resist- 
ance R  of  the  galvanometer  and  shunt,  by  the  formula  for  the  joint 

G  S 

resistance  of  two  resistances  connected  in  parallel,  =  -^  - — =^     Then 

21  X  3        63 
R  =  =  -    =  2.625  ohms.     The  compensating  resistance  intro- 

duced  must  be  such  as  to  make  the  total  resistance  21  ohms,  that  is, 
the  same  as  the  resistance  of  the  galvanometer  circuit  before  any 
shunt  was  used;  hence,  the  compensating  resistance  Re  plus  the  joint 
resistance  of  the  galvanometer  and  shunt  must  be  equal  to  the  galva- 
nometer resistance,  or  Re  -{•  R  =  G\  substituting  the  values  gives 
Re  +  2.625  =  21,  or  Re  =  21  -  2.625  =  18.375  ohms.     Ans. 


EXAMPLE    FOR    PRACTICE 

What   is  the  resistance  of  a  galvanometer  if  a  shunt  of  10  ohms 
resistance  has  a  multiplying  power  of  8?  Ans.  70  ohms 


35.     With  their  galvanometers  the  makers  are  usually 
prepared  to  furnish  shunts  of  9 ,  -9V,  and  79T  of  the  resistance 
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of  the  instrument,  which  increase  the  range  of  the  instru- 
ment   10,   100,    or    1,000    times.      Applying    the    formula 

/  z=  /^l  — i —  j ,  we  obtain  for  the  three  shunts  the  following 


currents : 


= '-(^ --m --' 


100/, 


/=  7^/1-+^^  =  1,000/^ 


MainCfrcult/t 


In  the  foregoing  cases  the  multiplying  powers  of  the 
shunts  are  obviously  10,  100,  and  1,000,  respectively. 

There  are  two  kinds  of  galvanometer  shunts  in  use;  the 
ordinary  shunt ^  and  the  Ayrton^  or  universal^  shunt, 

36«  The  ordinary  gralvanometer  shunt,  which  has 
been  extensively  used,  is  arranged  as  shown  in  Pig.  19, 
so    that   any   one    of   three  ToMvanometer 

resistances  a,  ^,  or  c  may  be 
connected  across  the  galva- 
nometer terminals  D  and  /% 
thereby  reducing  the  sensi- 
tiveness of  the  galvanom- 
eter to  tV,  ToTT,   or  ToVo    of 

what  it  would  be  with  no 
shunt.  When  a  plug  is  in- 
serted at  i  the  galvanometer 
is  short-circuited;  but  when 
one  plug  is  inserted  at  i,2, 
or  5,  the  galvanometer  is 
shunted  by  the  resistance 
a,  b,  or  c,  respectively.  The  blocks  A,  B,  and  C  are  marked 
either  with  the  figures  -efd,  9V,  and  i,  indicating  the  ratio 
between  the  resistances  of  the  coils  terminating  at  each 
block  and  that  of  the  galvanometer,  or  with  toVo,  riir, 
or  -h,  thereby  indicating  the  fraction  of  the  total  current 
that  passes  through  the  galvanometer.     For  instance,  when 


Pxo.  19 
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a  plug  is  inserted  in  the  hole  2,  only  tott  of  the  current 
in  the  main  circuit  will  pass  through  the  galvanometer,  and 
hence  this  particular  shunt  coil  is  said  to  have  a  multiplying 
power  of  100,  whereas  its  resistance  is  A  that  of  the 
galvanometer. 

An  ordinary  shunt  can  be  used  only  with  the  galvanometer 
for  which  it  was  made,  and  its  use  produces  more  variation 
in  the  joint  resistance  of  the  galvanometer  and  shunt  than 
the  Ayrton  shunt.  Moreover,  when  used  with  ballistic  galva- 
nometers for  the  measurement  of  transient  currents,  it  causes 
an  amount  of  damping  for  which  no  allowance  can  be  made. 

37.  The  Ayrton,  or  universal,  shunt,  which  was 
devised  by  Ayrton  and  Mather,  has  met  with  steadily 
increasing  favor  since  its  first  appearance  about  1894.  In 
this  shunt  the  coils  are  so  arranged  that  their  relative  multi- 


T^MainCircuit- 


Pig.  20 

plying  powers,  whatever  may  be  the  actual  resistance  of  the 
galvanometer,  are  always  the  same.  The  resistance  is  con- 
nected, as  shown  in  Fig.  20,  directly  across  the  galvanometer 
terminals,  and  one  of  the  main  circuit  leads  may  be  con- 
nected, through  the  bar  ef  and  sliding  arm  p,  to  various 
points  along  the  shunt  resistance  h  n.  If  the  resistance  of 
a  -\-  b  +  c  +  dy  that  is  from  //  to  «,  is  10,000  ohms,  then  the 
resistance  of  a  is  made  equal  to  10  ohms,  a  +  ^  =  100,  and 
a  +  d  '\-  c  =  1,000  ohms. 

When^  is  placed  on  contact  i,  the  entire  10,000  ohms  is 
connected   across   the   main  circuit   as  well   as   across   the 
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galvanometer  terminals.  This  is  the  most  sensitive  arrange- 
ment when  the  shunt  is  used,  and  hence  its  multiplying 
power  is  considered  to  be  1.  When  the  arm  rests  on  the 
contact  marked  0  the  galvanometer  and  the  resistances 
a,  b,  c,  d,  which  are  in  series  with  it,  are  short-circuited;  when 
the  arm  rests  on  the  toVo  contact,  the  coil  a  shunts  the  gal- 
vanometer and  the  resistances  b,  c,  d,  the  latter  still  being 
directly  in  series  with  the  galvanometer.  In  this  position  of 
the  ariti  toW  as  much  current  will  flow  through  the  galva- 
nometer as  will  flow  through  it  if  the  arm  rested  on  the  con- 
tact i,  assuming  that  in  each  case  the  same  total  current 
flows  in  the  main  circuit.  That  is,  if  /g  represents  the  cur- 
rent in  the  galvanometer  when  the  arm  rests  on  i,  then 
TtAnr  X  /f  represents  the  current  in  the  galvanometer  when 
the  arm  rests  on  the  point  marked  toW. 

Similarly,  too  and  tV  as  much  current  will  flow  through 
the  galvanometer  when  the  arm  rests  on  the  points  marked 
ToTT  and  To,  respectively,  as  will  flow  through  it  if  the  arm 
rests  on  1,  This  means  that  when  the  arm  rests  on  the  con- 
tact marked,  for  instance,  iVo-u,  the  multiplying  power  of  the 
shunt  is  1,000  times  as  great  as  it  is  when  the  arm  rests  on 
contact  1,  If  in  any  test,  depending  on  two  or- more  gal- 
vanometer readings,  one  reading  is  obtained  with  the  arm 
resting  on  the  point  Wiro,  Tu¥,  tV,  or  1,  then  no  subsequent 
reading  can  be  used,  without  making  some  inconveniently 
long  calculations,  with  the  shunt  circuit  broken  or  discon- 
nected, because  the  multiplying  power  will  not  then  be  that 
marked  on  the  various  contacts.  When  /  is  placed  on  the 
infinity  contact  (/;//.),  the  circuit  is  open;  that  is,  an  infinite 
resistance  is  connected  across  the  main  circuit. 

The  Ayrton  shunt  is  preferred  to  the  ordinary  kind,  because 
the  same  shunt  can  be  used  with  galvanometers  of  various 
resistances,  since  its  relative  multiplying  power  does  not 
depend  on  the  resistance  of  the  galvanometer.  This  is  a 
particularly  good  feature  in  connection  with  D'Arsonval  gal- 
vanometers, since  the  replacing  of  broken  suspending  wires 
is  very  apt  to  alter  the  resistance  of  the  galvanometer,  which 
will  produce  with  the  ordinary  shunt  inaccurate  results  by 
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reason  of  the  change  in  the  ratio  of  the  galvanometer  and 
shunt  resistances. 

With  this  shunt  the  galvanometer  is  always  shunted  by  the 
total  resistance  of  the  shunt.  The  initial  sensitiveness  of  the 
galvanometer  with  a  1:1  ratio  is  less,  therefore,  than  would 
be  that  of  the  galvanometer  alone.  This  decrease  of  initial 
sensitiveness  is,  however,  very  small,  provided  the  total  shunt 
resistance  is  relatively  large  compared  with  that  of  the  galva- 
nometer. Therefore,  the  Ayrton  shunt  should  have  quite  a 
high  resistance  compared  with  any  galvanometer  with  which 
it  is  used.     For  this  reason,  combined  with  the  fact  that  a 


resistance  needlessly  high  is  unnecessarily  expensive,  these 
shunts  are  made  for  commercial  use  in  three  sizes:  One  of 
100,000  ohms  for  galvanometers  having  a  resistance  of 
20,000  ohms  or  more;  one  of  10,000  ohms  for  galvanometers 
of  from  2,500  to  5,000  ohms  resistance;  and  one  of  about 
5,000  ohms  for  galvanometers  of  2,500  ohms  or  less  resist-. 
ance.  On  account  of  the  high  resistance  in  the  shunt,  slight 
variations  in  contact  resistance  between  the  arm  and  the  studs 
produce  no  appreciable  error,  and  hence  a  sliding  contact, 
which  is  more  convenient  than  plugs,  can  be  used.  The 
general  appearance  of  an  Ayrton  shunt  box  is  shown 
in  Fig.  21. 
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One  great  advantagfe  of  the  universal  shunt  is  that  it  is 
accurate  when  used  in  ballistic  galvanometer  tests,  which  is 
not  true  of  the  other  two  forms.  It  is  no  more  expensive 
than  the  old-style  shunt  and  is  much  preferable. 


REVERSING    SWITCH 

38.     Reversing:  s-witclies  are  used  to  reverse  the  direc- 
tion in  which  a  current,  from  a  battery  or  other  source  of 
direct  current,  flows  in  some  portion  of  a  circuit.     In  Fig.  22 
is  shown  a  circuit  con- 
taining an  easily  made 
reversing   switch  Z?, 
which  consists  of  four 
holes  a,  b^  r,  d  nearly 
full  of   mercury  and 
four  binding  posts  tf, 
^^gyhy  each  connected 
to  the  mercury  in  the 
hole  nearest  it.  If  the 
mercury  in  hole  a  is 

connected  to  the  mercury  in  hole  b  and  that  in  c  to  that 
in  d  by  two  short  pieces  of  bare  wire,  then  current  from  B 
will  flow  in  the  circuit  in  the  direction  shown  by  the  arrows  w,  v. 
If  the  connections  of  D  are  changed  so  that  a  is  connected 
to  c  and  b  to  d^  current  will  flow  as  shown  by  the  arrows  ;r,  u. 
Thus,  the  current  flowing  through  the  galvanometer  has  been 
reversed  in  direction,  although  the  current  in  the  battery  cir- 
cuit has  flowed  in  the  same  direction  in  each  case. 


Pio.  22 


39.  The  Polil  commutator  is  a  simple  switch  that 
may  be  used  for  rapidly  reversing  the  direction  of  a  current 
in  a  circuit  and  as  a  convenient  switch  for  rapidly  changing 
connections  in  various  tests.  It  consists,  as  shown  in  Fig.  23, 
of  a  block  of  hard,  dry  wood  or  other  good  insulating 
material,  in  which  are  the  six  mercury  cups  a,  b^  r,  dy  <?,  and  /, 
each  of  which  is  connected  to  the  adjacent  binding  post. 
When  it  is  to  be  used  as  a  reversing  switch,  the  cups  by  e  are 
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connected  by  means  of  the  loose  wires  m,  n,  one  of  which  is 
bent  up  so  as  not  to  touch  the  other  where  they  cross.  The 
wires  j\  i  are  connected  together,  and  rigidly  fastened  in  an 
insulating  handle  //,  which  insulates  them  from  two  similar 
wires  k  and  /  that  are  also  rigidly  fastened  together  and  in  the 
same  handle.  These  wires  then  form  a  rocking  switch,  the 
wires  /,  k  being  somewhat  longer  than  the  pieces  at  right 
angles  to  them.  Thus,  in  one  position  the  rocking-arm  con- 
nects  the  mercury  cup  a  to  *  and  c  to  d\  in  the  other  position, 


Pio.  28 

as  shown  in  the  figure,  a  to  /  and  d  to  e.     The  arm  may  be 
slowly  or  very  rapidly  rocked  back  and  forth. 

When  used  as  a  reversing  switch  one  circuit  terminates 
at  the  binding  posts  connected  to  a  and  </,  and  the  other  at 
binding  posts  connected  to  either  d  and  c  or  e  and  /.  When 
the  connecting  wires  m,  n  are  removed,  the  switch  may  be 
used  to  simply  connect  a  circuit  that  is  joined  to  a  and  d 
to  either  b  and  c  or  X.o  e  and  /.  This  makes  a  simple  double- 
throw,  double-pole  switch  out  of  it. 


§8 


ELECTRICAL  MEASUREMENTS 


45 


ELECTROCHEMICAL  MEASUREMENTS 

40,  The  decomposition  of  liquids  by  the  electric  current 
affords  a  means  of  measuring  the  current  that  gives  very 
accurate  results;  but  it  is  too  slow  a  method  for  most  pur- 
poses. It  is  chiefly  used  for  determining  galvanometer  and 
ammeter  constants,  as  it  is  not  well  suited  for  the  measure- 
ment of  commercial  currents;  that  is,  currents  used  for  light- 
ing, power,  etc. 

Electrocliemical  measurements  require  a  voltameter, 
which  may  be  defined  as  an  apparatus  for  determining  the 
quantity  of  electricity  that  passes  through  it  by  measuring 
the  amount  of  decomposition  of  a  liquid  that  it  produces. 
There  are  so-called  copper,  silver,  and  other  voltameters. 


COPPER    VOIiTAMETER    METHOD 

41.  If  a  current  of  electricity  is  sent  through  a  solution 
of  copper  sulphate  (blue  vitriol),  the  decomposition  of  the 
liquid  by  the  current  will  cause  a  deposit  of  copper  on 
the  negative  plate.  The  weight  of  copper  deposited  in  a 
given  time  is  proportional  to  the  current  flowing — 1  ampere 


TABIiK  II 

Square  Centi- 
meters of 
Cathode 
per  Ampere 

12°  C. 

or 
54°  F. 

23°  C. 

or 
73°  F. 

28°  C. 

or 
82°  F. 

50 

.0003288 

.0003286 

.0003286 

100 

.0003288 

.0003283 

.0003281 

150 

.0003287 

.0003280 

.0003278 

200 

.0003285 

.0003277 

.0003274 

250 

.0003283 

.0003275 

.0003268 

300 

.0003282 

.0003272 

.0003262 
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will  deposit  .0003286  (fram  of  copper  in  1  second.  Moderate 
variations  in  the  proportions  of  copper  sulphate  in  the  solu- 
tion do  not  affect  the  result  appreciably.  The  variation  of 
the  electrochemical  equivalent  of  copper  with  temperature 
and  current  density  is  shown  in  Table  IL 

The  copper  electrodes  should  be  of  such  size  that  there 
should  be  from  8  to  15  square  inches  (SO  to  100  square 
centimeters)  of  surface  to  be  deposited  upon  for  each 
ampere  of  current. 

When  copper  is  deposited  from  copper-sulphate  solution, 
sulphuric  acid  is  set  free,  which  dissolves  a  portion  of  the 
positive  plate,  forming  copper  sulphate,  thus  keeping  the 
amount  of  copper  sulphate  in  solution  practically  constant. 
The  positive  plate  does  not  lose  in  weight  exactly  in  propor- 
tion to  the  current  passing,  so  in  measurements  of  this 
description  the  gain  in  weight  of  the  negative  plate  only 
is  measured.  


42.  An  excellent  voltameter  is  shown  in  Fig.  24.  The 
vessel  /  should  be  of 
glass  or  other  insula- 
ting material,  of  suffi- 
cient size  to  allow  the 
square  part  of  the  three 
plates  to  hang  entirely 
below  the  surface  of 
the  liquid.  The  stiff 
spring  clips  for  holding 
the  plates  are  fastened 
to  an  insulating  strip  m, 
the  two  outside  clips 
being  connected  to 
the  binding  post  d  and 
the  middle  clip  to  a;  the 
two  binding  posts  are 
thoroughly  insulated  from  each  other.  By  means  of  the 
screw  «,  all  the  plates  can  be  removed  together  from  the 


§8 


ELECTRICAL  MEASUREMENTS 


47 


solution  and  they  may  be  held   at   any  height   by  means 
of  the  rack  and  pinion  b, 

43,  Plates. — Three  plates  should  be  used — one  negative 
or  gain  plate,  suspended  between  two  positive  or  loss  plates, 
which  should  be  of  the  same  shape  and  material  as  the 
gain  plate,  but  somewhat  smaller  and  thicker.  The  gain 
plate  should  be  of  very  thin  copper,  so  that  its  gain  in  weight 
will  be  enough  to  make  considerable  difference  between  its 
weights  before  and  after  the  test.  The  plates  should  be  cut 
approximately  square,  the  corners  clipped  and  rounded,  and 
only  a  narrow  neck  left  where  they  pass  through  the  surface 
of  the  electrolyte. 

For  measuring  small  currents,  when  the  stand  shown  in 
Fig.  24  cannot  be  made  or  obtained,  the  following  arrange- 
ment may  be  resorted  to.  Make  the  narrow  neck  that  pro- 
jects from  the  middle  of  one  end  of  the  plate,  long  enough 
to  bend  into  a  hook  by  which  the  plate  may  be  hung  in  the 
liquid.  The  electrodes  may  then  be  suspended  from  pieces 
of  heavy  copper  wire,  or  rod,  that  rest  on  the  edges  of  the 
trough  a  short  distance  from  one  another.  The  necessary 
connections  may  be  made  between  the  rods  and  the  battery. 

44.  Voltameter  for  Lar^e  Currents. — A  form  suit- 
able for  large  plates  suspended  in  rect- 
angular glass  jars,  is  shown  in  Fig.  26. 
For  measuring  a  large  current  a  number 
of  large  plates  may  be  used,  each  gain 
plate  being  placed  between  two  loss 
plates,  there  being,  therefore,  one  more 
loss  than  gain  plates.  The  gain  plates 
are  all  connected  together,  so  as  to  be 
in  parallel,  and  the  loss  plates  are  all 
connected  together  for  the  same  reason.  Pio.  25 
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45,  Ryan  8plral-Coll  Voltameter. — Prof.  H.  J.  Ryan 
advocates  the  use  of  a  voltameter  in  which  the  electrodes 
are  made  of  wires  of  suitable  diameter  wound  in  spiral 
form,  one  spiral   about   twice   the  diameter  of   the  other. 
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These  are  suspended,  as  shown  in  Fig.  26,  in  the  elec- 
trolyte, one  within  the  other,  the  smaller  inner  coil  being 
connected  to  the  negative  side  of  the  battery  circuit  and 
the  larger  outer  coil  to  the  positive  side.  The  inner  side 
is  thus  m.idc  the  cathode,  or  gain  electrode,  and  hence  is  the 
one  to  be  weighed. 

Professor  Ryan  claims  the  following  advantages  for  this 
form:     Freedom  of  the  electrodes  from  angles  and  sharp 
corners,  hence    greater   firmness   of 
deposit;  easy  removal  and  facility  of 
cleaning  the  cathode,  it  being  only 
necessary  to  clamp  one  end  of  the 
spiral  in  a  vise,  pull  it  straight,  and 
sandpaper  down    the   wire;    greater 
uniformity   of   deposit,   the   cathode 
being  surrounded  by  the  anode  and 
the  whole  being  perfectly  symmet- 
rical  and   concentric.     The   cathode 
must  be  washed   the    same   as   any 
gain   electrode.     This  form   is  con- 
venient,  for   by  raising  or  lowering 
the  electrodes  the  resistance  of  the 
voltameter  may  be  varied  and  the  current  kept  constant  in 
spite  of  slight  variations  in  the   E.  M.  F.  of  the  battery. 
However,  plates  are  more  generally  used. 

46.  Copper-Sulphate  Solution. — This  liquid  is  made 
by  dissolving  one  part  (by  weight)  of  copper- sulphate 
crystals  in  five  parts  (by  weight)  of  water,  and  adding 
1  per  cent,  of  strong  sulphuric  acid  (1  per  cent,  is  about 
three  teaspoonfuls  to  the  quart).  The  acid  serves  to  dis- 
solve siich  impurities  as  may  exist  in  the  copper  sulphate. 
The  density  of  the  copper-sulphate  solution  should  be  from 
1.15  to  1.18.  It  is  best  to  make  a  fresh  solution  for  each 
run.  Commercial  sulphuric  acid  and  copper  sulphate  are 
sufficiently  pure. 

47.  Proimi-otlon  of  Pliiles. — The  gain  electrodes  must 
be  prepared  with  great  care.     The  plate  should  be  rubbed 
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smooth  with  emery  cloth  or  sandpaper,  washed  thoroughly 
with  water  (preferably  hot),  to  which  about  5  per  cent,  of 
strong  sulphuric  acid  has  been  added,  then  rinsed  thoroughly 
with  cool  water  and  allowed  to  dry.  It  must  not  be  handled 
with  the  fingers  but  with  a  piece  of  clean  cloth  or  paper. 

The  gain  plate  should  be  weighed  to  the  ten-thousandth 
part  of  a  gram  by  means  of  an  analytical  or  chemical 
balance.  The  plate  may  be  weighed  by  some  druggist,  in 
which  case  it  will  be  necessary,  if  his  weights  are  given  in 
ounces,  drams,  and  scruples,  to  reduce  them  to  grains  and 
use  formula  12.     This  preparation  of  the  gain  plate  should 


B 


Pig.  27 


not  be  made  until  all  the  rest  of  the  apparatus  is  ready  and  a 
preliminary  run  has  been  made  to  adjust  the  apparatus  and 
the  current  to  the  strength  desired,  because  long  exposure  of 
the  clean  surface  to  the  air  will  oxidize  it. 

When  the  deposition  of  copper  is  finished,  the  gain  plate 
should  be  at  once  placed  in  cool  water  to  each  quart  of 
which  ten  drops  of  strong  sulphuric  acid  have  been  added, 
then  washed  very  carefully  in  cool  water  and  finally  weighed 
again  as  soon  as  it  is  dry. 

48.  Connections  may  be  made  as  shown  in  Fig.  27,  in 
which  i?  is  an  adjustable  resistance  used  to  assist  in  keeping 
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the  current  constant;  G^  an  ammeter  or  galvanometer  to  be 
calibrated;  T,  T,  the  copper  voltameters;  W^  the  anode  or 
loss  plates;  and  W\  the  cathode,  or  gain  plates.  Two  volt- 
ameters should  always  be  used  if  possible,  one  as  a  check 
against  the  other.  The  gain  plates  should  be  weighed  sepa- 
rately and  their  average  used  in  calculating  the  result.  The 
plates  should  be  a  to  J  inch  apart.  For  the  battery  B  some 
kind  of  cells,  such  as  Edison-Lalande,  gravity,  or  storage 
battery,  that  will  maintain  an  almost  constant  current,  should 
be  used. 

When  all  is  ready,  the  switch  5"  is  closed  and  the  exact 
time  noted.  The  deflection  of  the  instrument  to  be  cali- 
brated should  be  noted  from  time  to  time,  and  any  change 
in  the  deflection  corrected  by  changing  the  resistance  R. 
After  sufficient  time,  at  least  30  minutes,  has  elapsed,  the 
switch  is  opened  and  the  exact  time  again  noted. 

As  soon  as  possible,  the  negative  plates  are  taken  out, 
washed  and  dried  carefully,  and  accurately  weighed.  Then, 
the  current  that  has  been  flowing  may  be  calculated  by  the 
following  formulas: 

Let  Wx  =  original  weight  of  gain  plate; 

Wt  =  weight  after  the  current  has  passed; 
/  =  time  in  seconds  during  which  the  current  flows; 
/  =  strength  of  current  in  amperes. 

Then,  if  the  weights  are  in  grams, 

_w^-^jv^  (11) 

.0003286 / 

If  the  weights  are  in  grains, 

.005068/  ^ 

As  shown  in  Table  II,  the  electrochemical  equivalent  will 
vary  somewhat  with  the  temperature  and  the  current  density. 

After  finding  the  current  that  has  been  passing,  the  con- 
stant of  the  instrument  can  be  determined  by  the  formula 

/C= for   a   tangent   galvanometer,  or  A'=-  for  a 

tan  m^  a 

reflecting  galvanometer  .or  ammeter; 
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Example. — The  negative  plate  is  a  sheet  of  copper  about  2i  inches 
square  and  about  ^  inch  thick.  After  cleaning,  it  weighs  29.62  grams. 
The  current  being  allowed  to  pass  for  75  minutes,  the  plate  weighs 
31.33  grams.  A  tangent  galvanometer  in  circuit  gives  a  deflection 
of  42°.  (a)  How  many  amperes  were  passing,  and  (d)  what  was  the 
galvanometer  constant? 

Solution. — (a)  In  this  example,  Wi »  29.62  grams;  zt/,  =  31.33  grams; 

/  =  75  X  60  =  4,500  sec.    Then,  by  forjnula  /=  ^l^~,  the  current 

-        31.33  -  29.62  ,  ,-^  . 

^=:0003286^O;500==^-^^''°'P'''^-    ^^^• 
(d)  Use  the  formula  /=  A^tan  w°;  then,  tan  42°  =  .9004,  and  K^ 
I  1.156 


tan  fyf°      .9004 


=  1.284.    Ans. 


NoTB.— The  welfrbt  of  copper  deposited  per  ampere  per  gecond  may  be  taken  in 
Brains  (troy)  Instead  of  arams,  and  the  result  worked  out  in  the  same  way.  1  arram 
« 16.482  grains  (troy). 


SLLVBB   VOL.TAMETER 

49.  The  most  accurate  method  of  measuring  an  electric 
current  is  by  the  use  of  a  sliver  voltameter.  An  interna- 
tional convention  of  electrical  engineers  defined  the  inter- 
national ampere  as  a  current  that,  when  passed  througfh  a 
solution  of  pure  silver  nitrate  in  accordance  with  the  follow- 
ing specifications,  will  deposit  .001118  gram  of  silver  per 
second.  For  currents  as  large  as  1  ampere,  the  cathode  on 
which  the  silver  is  deposited  should  take  the  form  of  a 
platinum  bowl  not  less  than  10  centimeters  in  diameter  and 
from  4  to  5  centimeters  in  depth.  It  also  serves  as  a  con- 
taining vessel  for  the  electrolyte,  which  should  consist  of  a 
neutral  solution  of  pure  silver  nitrate,  containing  about 
15  parts  by  weight  of  silver  nitrate  to  85  parts  by  weight  of 
water.  The  anode  should  be  a  plate  of  pure  silver  about 
30  square  centimeters  in  area  and  2  or  3  millimeters  thick. 
This  plate  is  supported  by  platinum  wires  in  a  horizontal 
position  near  the  top  of  the  solution  in  the  platinum  bowl. 
To  prevent  detached  articles  from  falling  from  the  anode  to 
the  bottom  of  the  bowl  the  anode  should  be  wrapped  with 
clean  filter  paper. 

Before  being  used,  the  platinum  bowl  should  be  washed 
with  nitric  acid,  then  with  distilled  water,  dried  at  about 
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160°  C,  left  to  cool  in  a  dry  place,  and  finally  weighed.  It 
should  then  be  placed  upon  a  clean,  brightened  sheet  of 
copper  that  is  connected  through  the  ammeter  or  galvanom- 
eter to  be  calibrated  to  the  negative  terminal  of  the  bat- 
tery. The  anode  is  then  suspended  in  position  and  is 
connected  through  a  metal-wire  resistance  and  a  simple 
switch  to  the  positive  terminal  of  the  battery.  The  resist- 
ance of  the  circuit,  exclusive  of  the  silver  voltameters  and 
battery,  should  be  at  least  10  ohms  in  order  that  variations 
in  the  resistance  of  the  cell  may  not  produce  large  fluctua- 
tions in  the  strength  of  the  current.  The  platinum  bowl  is 
nearly  filled  with  the  electrolyte,  the  silver  plate  being 
entirely  covered  with  the  solution  just  before  the  run  is  com- 
menced and  the  external  resistance  adjusted  from  time  to 
time,  if  necessary,  to  keep  the  current  constant  in  strength. 
After  the  run,  the  duration  of  which  must  be  carefully  noted, 
the  solution  is  removed  from  the  bowl,  the  deposit  thoroughly 
washed  with  distilled  water,  the  bowl  dried  at  about  160°  C, 
cooled  and  weighed.  The  current,  in  amperes,  may  then  be 
calculated  from  the  formula 

in  which  w^  =  original  weight  of  the  platinum  bowl; 

Wt  =  weight   after    the   current   has   flowed   for   / 
seconds; 
/  =  time,   in   seconds,   during  which  the  current 

flows; 
/  =  average  strength  of  the  current  in  amperes. 

50,  The  calibration  of  ammeters  or  other  instruments 
is  determined  by  means  of  the  silver  voltameter  in  exactly 
the  same  way  as  with  the  copper  voltameter,  so  that  no 
further  directions  regarding  this  seems  to  be  necessary 
here.  In  place  of  the  expensive  platinum  bowl,  three 
silver  plates  and  the  silver  solution  may  be  substituted 
for  the  copper  plates  and  the  copper  solution  used  in 
the  voltameter  shown  in  Fig.  24.  The  silver  voltameter 
gives    more   accurate   results   than   the   copper  voltameter 
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because    1   coulomb   produces  a  heavier   deposit  of   silver 
than   of  copper. 

Solutions  of  salts  of  other  metals  besides  those  of  copper 
and  silver  may  be  used  as  the  electrolyte,  with  correspond- 
ing metals  as  electrodes.  For  reliable  results,  however, 
silver  or  copper  is  always  used. 


MEASUREMENT  OF  POTENTIAL 

51.  The  international  standard  volt  is  an  E.  M.  F. 
that  will  cause  a  current  of  1  international  standard  ampere 
to  flow  through  a  resistance  of  1  international  standard  ohm. 
The  international  standard  volt  is  represented  with  sufficient 
accuracy  for  all  ordinary  purposes  by  -i-JH  of  the  E.  M.  F.  of 
the  standard  Clark  cell  at  a  temperature  of  15°  C.  The 
E.  M.  F.  and  temperature  coefficients  of  the  various  standard 
cells  are  given  in  Primary  Batteries. 

52,  If  two  points  between  which  a  diflFerence  of  poten- 
tial exists  are  connected  by  a  conductor,  a  current  will  flow 
from  one  to  the  other,  its  value  depending  on  the  resistance 
of  the  conductor  and  the  difference  of  potential  between  the 
two  points.  If  this  conductor  be  the  coil  of  a  galvanometer, 
it  is  obvious  that  the 
divisions  on  the  scale 
may  be  marked  to  read 
volts  directly. 

In  Fig.  28,  a  current 
flows  from  the  battery  B 
through  the  resistance 
abed;  there  will,  there- 
fore, be  a  certain  fall  of  potential  along  abed.  It  may  be 
desired  to  measure- the  difference  of  potential  between  b  and  e. 

If  a  galvanometer  whose  resistance  is  approximately  that 
of  a  part  of  the  circuit  b  e  \s  connected  to  the  points  b  and  e, 
the  current  flowing  from  a  to  b  will  divide  at  by  and  a  part 
flow  through  the  galvanometer  G.  The  whole  current  will 
again  flow  from  etod.  If  the  resistance  of  the  galvanometer 
is  known,  the  current  flowing  through  it,  as  measured  by  the 
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deflection  of  the  needle,  is  also  a  measure  of  the  difference  of 
potential  between  b  and  c,  but  this  difference  of  potential  is 
not  the  same  as  it  was  before  the  galvanometer  was  connected. 
The  galvanometer  being  placed  in  parallel  with  a  part  of 
the  circuit  reduces  the  total  resistance  of  the  circuit,  and 
as  the  distribution  of  resistance  between  a  and  d  is  changed, 
the  distribution  of  the  fall  of  potential  will  also  be  changed. 
In  order,  therefore,  to  measure  the  difference  of  potential 
between  b  and  r,  the  instrument  used  should  be  so  constructed 
that  it  will  not  measurably  alter  the  conditions  of  the  circuit. 
If  the  galvanometer  has  a  very  high  resistance  as  compared 
with  b  c,  so  that  the  current  passing  through  it  will  be  a  very 
small  percentage  of  the  total  current  in  the  circuit,  the  con- 
ditions will  not  be  altered  sufficiently  to  introduce  any 
serious  error. 

53.  When  a  difference  of  potential  exists  between  two 
points  between  which  no  current  is  flowing,  as  a  battery  with 
no  external  circuit  made,  it  is  usually  the  case  that  any  con- 
siderable current  flowing  will  reduce  this  difference  of  poten- 
tial, owing  to  the  internal  resistance  of  the  battery  or  other 
generator  of  the  E.  M.  F.  To  meastu*e  this  difference  of 
potential  requires  a  galvanometer  of  such  resistance  that  a 
very  small  current  will  flow  through  it,  in  order  that  the 
conditions  of  the  circuit  will  not  be  sensibly  changed;  so  that 
commercial  measuring  instruments  that  are  constructed  on 
the  galvanometer  principle  are  divided  into  two  classes: 

1.  Instruments  of  low  resistance,  so  arranged  that  a  con- 
siderable current  is  required  to  give  readable  deflections, 
usually  with  the  scales  so  marked  that  the  deflection 
of  the  needle  will  give  the  proper  value,  in  amperes,  of  the 
current  i)assing  through  the  instrument.  These  are  called 
amperemeters,  or  more  briefly  ammeters.  Ammeters 
constructed  to  measure  small  currents,   for   instance  from 

0  to  1.5  amperes  or  less,  in  steps,  say,  of  .001  ampere,  or 

1  milliampere,  are  usually  called  ml  111  am  meters.  The 
instrument  here  mentioned  has  a  range  from  0  to  1,500  milli- 
amperes. 
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2.  Instruments  of  high  resistance,  so  arranged  that  very 
small  currents  will  give  readable  deflections,  and  with  the 
scales  usually  so  marked  that  the  deflections  of  the  needle 
will  give  the  proper  value,  in  volts,  of  the  difference  in 
potential  between  the  points  to  which  the  instrument  is 
connected.  Such  instruments  are  called  voltmeters.  Volt- 
meters constructed  to  measure  small  differences  of  potential, 
for  instance  from  0  to  .2  volt  or  less,  in  steps,  say,  of  .002 
volt,  or  2  millivolts,  are  usually  called  mi  111  voltmeters. 

Difference  of  potential  is  most  easily  measured  by  volt-» 
meters.  Measurement  of  potential  by  voltmeters  and  in 
other  ways  will  be  considered  more  fully  later. 


MEASUREMENT  OP  RESISTANCE 


OHM'S    L.AW    METHOD 

54.  The  resistance  of  a  conducting  body  may  be  meas- 
ured in  a  number  of  ways.  One  of  the  most  common  is 
called  the  Olim's  law  or  the  voltmeter-and-ammeter 
nietliod.  It  consists  in  passing  a  current  through  the 
unknown  resistance  and 
measuring  the  amperes 
flowing  and  the  drop  in 
volts   through   the   resist- 
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being    calculated    from 
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Ohm*s  law.    Fig.  29  shows 

the    arrangement    of    the 

apparatus,     abed  is  a  re-  Pio.29 

sistance    of    which    it    is 

desired  to  know  the  resistance  of  the  part  be.     A  current 

from  the  battery  B  flows  through   the   ammeter  A  M  and 

the  resistance.     The  drop  in  volts  from  ^  to  r  is  measured 

by  the  voltmeter  V  M. 

Example. — If  the  current  flowing  from  a  to  </  be  2.2  amperes,  and 
the  drop  from  ^  to  ^  be  6.25  volts,  what  is  the  resistance  of  the  part  of 
the  circuit  b  cl 
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Solution. — By  the  formula  for  Ohm's  law,  -^  =   - .    E  =  6.25  and 


/  =  2.2,  then  R  =  ^:^-  =  2.^1  ohms.    Ans. 


EXAMPLE    FOR    PRACTICE 

If  the  current  be  found  to  be  21.25  amperes,  and  the  drop  in  poten- 
tial 4.6  volt's,  what  is  the  resistance?  Ans.  .2165  ohm 
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POTENTIAL-DIPFKRBNCE  METHOD 

55.  The  voltmeter-and-ammeter  method  of  measuring 
resistance  is  often  not  convenient,  and  is  many  times  impos- 
sible to  use.  Another  method,  variously  known  as  the 
potential-difference,  fall-of -potential,  or  the  coin  pa  r- 
ison-of-potentlal,  method,  is.  to  compare  the  unknown 
resistance  with  one  or  more  known  resistances.  It  may  be 
done  by  connecting  a  known  and  the  unknown  resistance  in 
series,  and,  on  sending  a  current  through  the  two,  measuring 
the  drop,  in  volts,  across  each.  The  resistances  will  be  directly 

proportional  to  the  fall  of  the 
potential,  and  the  current 
need  not  be  measured. 

In  Fig.  30,  current  from 
the  battery  B  flows  through 
the  known  resistance  ab 
and  the  unknown  resist- 
ance b  c.  Voltmeters  VM  and 
V^  M^  measure  the  fall  of 
potential  across  each.  If  R  is  the  fall  of  potential  from  a 
to  h  and  Ey^  the  fall  from  b  to  c,  then  ab  \  be  =  E\  E^, 

The  same  voltmeter  might  readily  be  used  for  both  read- 
ings, the  connections  being  arranged  as  shown  in  Fig.  31. 
In  this  figure,  U  represents  a  double- throw  switch,  for  which 
a  Pohl  commutator  may  be  conveniently  used.  G  may  be  a 
high-resistance  galvanometer  or  a  voltmeter  of  suitable 
range.  By  means  of  the  double-lhrow  switch  U,  the  galva- 
nometer circuit  may  be  very  quickly  transferred  from  a-b  to 
c-d  or  vice  versa.     In  one  position  one  conductor  connects 
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i  with  ^,  the  other  conductor  connects  o  with  n;  in  the  other 
position  of  the  switch  i  and  m  are  connected  together  and 
0  and  V,  W  and  S  are  reversing  switches  so  that  readings 
of  galvanometer  deflections  may  be  taken  on  both  sides  of 
the  scale  with  current  flowing  first  in  one  and  then  in  the 
opposite  direction  through  a-b-c-d.  The  mean  of  four, 
eight,  etc.,  deflections  eliminates  errors  due  to  thermo- 
currents  and  to  false  zero  readings  of  the  galvanometer. 
^  is  a  high  resistance  that  may  be  used  to  prevent  the  flow 
of  too  large  a  current  in  the  galvanometer  circuit.  In  final 
measurements  it  may  be  retained  or  cut  out  as  seems  most 
suitable.  A  complete  set  of  readings  should  be  obtained  as 
quickly  as  possible,  so  that  the  condition  of  the  battery  may 
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not  change  in  the  meantime.  If  a  voltmeter  is  used  in  place 
of  G  the  resistance  R  will  probably  not  be  required.  This 
method  is  used  principally  for  measuring  low  resistances, 
that  is,  resistances  not  exceeding  .1  ohm.  Other  methods 
are  more  suitable  for  measuring  higher  resistances  and  also 
for  resistances  much  less  than  .001. 


56.  Precautions. — To  avoid  the  increase  of  resistance 
that  would  be  caused  by  a  rise  in  temperature  of  the  resist- 
ances if  a  current  flows  through  them  continuously,  the 
battery  reversing  switch  should  be  open  except  during  the 
time  actually  required  to  take  the  readings.  Evidently 
the  more  sensitive  the  galvanometer  the  smaller  need  be 
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the  corrent  Sir.fl  hen-.e  the  less  will  be  the  increase  in  resist- 
ance. An  ur. steady  battery  is  another  s-^^urce  of  error.  For 
this  te>t  a  steady,  unirorrn  current  must  be  obtained  if  good 
re>u!ts  are  de-sired. 

Example.— If  ;h«  res-stance  m  b  is  kcown  to  be  2  ohms,  and  the 
drops  aft  iceastired   by  l'.l/a::d  l\  Jft  are  4.25  ToZts  in  m6  and  6.12 

volts  :n  ^r,  vhat  :«  the  res-stacce  of  ^r* 

Vjmtiotc. — As  the  resistances  are  directJy  proportional  to  the  drops 

of  pT/teotial.  4.25 : 6. 12  =  2 :  -n 

2X^12        12  24      «  -^    ^ 
jr  =  ~       _ss-       -s=  2.^8  ohms.    Ans. 


or. 


EXAMPLE    FOR    PRACTICK 

II  the  drop  throuj^h  the  Icnown  resistance  is  6.1^^  volts  and  through 
the  unknown  2.25,  what  is  the  unknown  resistance  if  the  known 
is  3.5  ohms?  Ans.  1.2&I  ohms 


WHEAT8TONE 

57«  Measurements  of  resistance  are  usually  made  by 
means  of  the  W heat Kt one  bridge,  which  is  very  accurate 
for  all  resistances  except  those  very  large  or  very  small,  and 

possesses  the  additional 
desirable  features  of 
great  simplicity  and 
portability. 

In  Fig.  32,  acb  and 
add  represent  any  two 
resistances  joined  in 
parallel.  There  is  a  dif- 
ference of  potential  be- 
tween the  points  a  and  d 
which  is  due  to  the  cur- 
rent that  flows  from  the  battery  B.  The  difference  of  poten- 
tial between  a  and  some  point  c  in  ac d  must  be  less  than 
the  difference  of  potential  between  a  and  d.  Similarly,  the 
difference  of  potential  between  a  and  some  point  d  in 
add  must  be  less  than  between  a  and  d.  Therefore,  if 
any  point  in  acd,  as  ^,  be  selected,  there  must  be  in  a  ^^ 
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some  point,  as  d^  so  located  that  the  difference  of  poten- 
tial between  a  and  d  is  exactly  the  same  as  the  difference 
of  potential  between  a  and  c.  If  d  is  this  point,  the  fall  of 
potential  from  ato  c  equals  the  fall  of  potential  from  a  to  d. 
But  a  is  common  to  both  paths;  hence,  c  and  d  must  have 
exactly  the  same  potential.  If  a  galvanometer  is  connected 
from  c  to  flf,  no  current  will  flow  through  it  because  the 
points  c  and  d  were  so  selected  that  there  is  no  difference  of 
potential  between  them;  for  no  current  will  flow  between 
two  points,  even  if  connected  together  by  a  wire  of  little 
or  no  resistance,  when  there  is  no  difference  of  potential 
between  them.  Consequently,  if  c  and  d  have  no  differ- 
ence of  potential,  exactly  the  same  current  must  flow  in 
ar  as  flows  in  cb\  for  otherwise  some  current  (the  differ- 
ence between  the  two  currents)  would  have  to  flow  in  cd 
and  the  galvanometer  would  show  this  by  a  deflection  which 
would  be  contrary  to  the  supposition  that  there  is  no  differ- 
ence of  potential  between  c  and  d.  Similarly,  exactly  the 
same  current  flows  in  a  ^  as  in  ^^.  'But  notice  that  this 
does  not  imply,  by  any  means,  that  the  current  in  acb  is 
equal  to  that  in  add;  in  fact,  it  is  very  seldom  that  this  is  so. 
Fvu-thermore,  the  resistance  of  a^^  is  not  necessarily,  and  in 
fact  is  very  seldom,  equal  to  the  resistance  of  ad 6. 

Let  /c  he  the  current  in  acd;  //,  the  current  in  add;  My 
the  resistance  oi  ac;  N,  the  resistance  of  ad;  X,  the  resist- 
ance of  cb;  and  P;  the  resistance  of  db,  when  there  is  no 
difference  of  potential  between  the  points  c  and  d.  Then, 
by  Ohm's  law,  the  fall  of  potential  from  a  to  c  =  Mxic 
and  the  fall  of  potential  from  a  to  d  =  JV  X  Id-  But  there 
is  no  difference  of  potential  between  the  points  c  and  d; 
hence,  M/c  =  N/d.  Similarly,  the  fall  of  potential  from 
^  to  ^  must  equal  that  from  d  to  b;  hence,  X/c  =  P  Id* 
Dividing  one  of  these  equations  by  the  other  we  get 
M Ic  NId  ,.^M  N  M  ^  n-u^.  ;tr  A7 
-XL   =    pZ^'^'^^  =  -P'^'N'^-P'    Thatis,^:  iV 

=  -Y :  /*.     That  is,  the  resistance  oi  ac  is  to  the  resistance 
oi  ad  SiS  the  resistance  of  ^ ^  is  to  the  resistance  of  db. 
From  this  proportion,  it  is  evident  that  if  ac,  ad^  and  db 
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are  known,  the  resistance  oi  cd  may  be  readily  calculated. 
This  affords  a  means  for  measuring  resistance  that,  as  will 
be  shown,  is  very  flexible  and  is  used  more  than  any  other 
method. 

58.  In  Fig.  33,  Af^  N,  and  P  represent  three  known  resist- 
ances, which  may  be  varied  by  known  amounts.  An  unknown 
resistance  X  is  connected  from  r  to  ^.  A  current  flows  from 
the  battery  B  through  the  circuit.  Any  one,  or  all,  of  the 
resistances  M,  N,  and  P  may  be  adjusted  until  the  galva- 
nometer G  gives  no  deflection,  thereby  indicating  that  the 
points  c  and  d  are  at  the  same  potential;  then,  we  have  the 
proportion  M  \  N  ^  X :  P. 


It  is  obvious  that  if  M  be  equal  to  A^,  X  will  be  equal 
to  /',  while  if  A'  be  a  very  high  or  very  low  resistance  it 
may  be  measured  by  changing  the  ratio  of  M  to  A^.  In  any 
case,  in  which  no  current  flows  in  the  galvanometer,  we  have 


X=%XP 


(14) 


This  method  of  measuring  resistance  is  known  as  the 
Whcatstone  bridge  method,  and  the  instrument  used  is  called 
a  Whcatstone  bridge,  or,  more  commonly,  a  bridge.  As  this 
principle  is  extensively  used  in  electrical  measurements  it 
should  be  thoroughly  understood. 

59.  In  practice,  the  arms  M,  N,  which  are  called  the  raiio^ 
bridge y  or  balance  armsy  and  /*,  which  is  called  the  rheostat  arm^ 
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are  made  up  of  a  number  of  carefully  prepared  resistance 
coils,  accurately  adjusted  to  different  resistances,  fixed  in  a 
box,  on  the  top  of  which  are  arranged  blocks  of  brass,  which 
form  the  terminals  of  the  coils.  The  brass  blocks  are  usually 
so  situated  that  by  inserting  a  metallic  plug  between  any  two 
of  them  the  corresponding  resistance  coil  is  cut  out,  or  short- 
circuited;  that  is,  the  current  passes  from  block  to  block 
through  the  plug  instead  of  going  through  the  coil,  as  this 
path  offers  practically  no  resistance  to  the  current.  In  this 
way  the  resistance  of  the  arms  of  the  bridge  is  changed. 

Fig.  34  illustrates  a  section  of  a  box  of  coils  showing  the 
brass  blocks  and  the  method  of  cutting  out  the  coils,  a,  ^,  c^ 
dy  Cy  /,  and  g  are  the  brass  blocks,  to  which  are  connected  the 
coils  i,  2,  5,  4,  5,  and  5.  The  brass  plug  P  is  made  to  fit 
tightly  between  the  blocks. 
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Between  adjacent  brass  blocks  there  are  reamed  slightly 
conical  holes,  or  sockets,  in  which  the  conical  plugs  P  should 
fit  very  exactly.  If  the  fit  is  not  good  and  the  plugs  not  clean, 
the  resistance  at  the  contacts  will  not  be  negligible,  especially 
with  coils  of  low  resistance.  To  properly  insert  a  plug, 
press  it  down  firmly  and  at  the  same  time  slightly  turn  it; 
great  care  must  be  taken  not  to  force  a  plug  too  firmly  into 
place,  otherwise  their  insertion  and  removal  wears  the  conical 
surfaces  unnecessarily  and  is  liable  to  loosen  the  brass  blocks. 
The  plugs  should  be  kept  free  from  dust,  oxide,  and  grease. 
They  may  be  cleaned  by  rubbing  with  a  cloth  moistened  with 
a  very  weak  solution  of  oxalic  acid,  alcohol,  or  benzol  and 
dipped  into  prepared  chalk  or  whiting.  Alcohol  will  attack 
lacquer  and  hence  must  be  kept  off  lacquered  parts.     Th^ 
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sockets  may  be  cleaned  by  using  a  plug  of  wood.  The  con- 
tact resistance  of  a  well-fitting  and  clean  plug  and  socket 
should  not  average  over  .00005  ohm,  but  a  slight  looseness, 
poor  fit,  or  a  small  amount  of  dirt  between  the  contact  sur- 
faces will  increase  the  resistance  to  .001  ohm  or  more,  and 
careless  treatment  will  make  it  very  much  greater.  Thus, 
plug  contact  resistance  may  be  a  sotu"ce  of  error  in  very 
exact  work. 

The  current  from  the  battery  should  never  be  allowed  to 
flow  continuously  through  the  resistance  coils,  as  it  may 
introduce  errors  owing  to  the  heating  effect  of  the  cturent; 
hence,  the  battery  circuit  and  galvanometer  circuit  are  each 
provided  with  a  key.  On  pressing  the  battery  circuit  key, 
the  current  passes  through  the  bridge,  and  on  then  pressing 
the  galvanometer  key,  it  is  seen,  from  the  motion  or  lack  of 
motion  of  the  needle,  whether  the  resistance  in  the  arms  is 
properly  adjusted.  It  is  usual  to  make  the  arms  M  and  Noi 
comparatively  few  coils,  with  ratios  of  10;  for  example,  1, 10, 
100,  and  1,000  ohms  in  each  arm.  By  cutting  out,  for  instance, 
all  but  the  1-ohm  coil  in  one  arm,  and  leaving  all  the  coils  in 
the  other,  the  ratio  oi  M  to  N  is  1,111  to  1,  or  1  to  1,111, 
as  the  case  may  be;  so  that  an  instrument  thus  arranged  will 
measure  resistances  varying  from  1,111  times  the  largest 
value  of  P  to  nVr  of  the  smallest  value  of  P,  It  is  always 
customary,  however,  to  use  such  resistance  coils  mMoxidN 

M 
as  to  give  an  even  multiple  of  10  for  the  value  of  — ;  that  is, 

M 

—  is  almost  always  made  equal  to  1, 10, 100, 1,000,  iV,  too^,  or 

ToW.     This  makes  the  arithmetical  reduction  a  very  simple 
matter. 

For  bridge  measurements  requiring  considerable  accu- 
racy, it  is  best  to  use  a  sensitive  reflecting  galvanom- 
eter, which  will  detect  a  very  slight  difference  in  potential 
between  c  and  d  in  Fig.  33. 

60.  In  Fig.  36  is  shown  an  arrangement  of  a  bridge  in 
which  H  G  corresponds  to  arm  M  in  Fig.  33,  E  F  Xo  arm 
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Ny  A  B  C  D  to  arm  P,  and  x  to  the  unknown  resistance. 
Ky  K'  are  the  keys  for  closing  the  battery  and  galvanometer 
circuits,  respectively.  The  number  opposite  each  coil  rep- 
resents the  resistance  of  that  coil.  It  will  be  seen  that  with 
the  resistance  coils  mAB  CD,  this  arm  may  be  made  to  have 
any  resistance,  from  1  to  2,110  ohms  inclusive,  in  steps  of 
1  ohm,  by  the  cutting  in  or  cutting  out  of  coils  by  means 
of  the  plugs,  as  at  b,  c,  dy  etc. 

Example. — If  in  Fig.  35  with  the  plugs  in  the  holes  shown,  thfe 
galvanometer  gives  no  deflection  on  pressing  the  keys  K^  K',  what  is 
the  resistance  of  :r? 

Solution. — In  arm  M  (HG)  the  10-ohm  coil  is  in  circuit,  the  others 
are  short-circuited  by  the  plugs  r,  j,  and  u.  In  arm  N  {E  F)  the 
1,000-ohm  coil  is  in  circuit,  the  rest  being  short-circuited  by  the  plugs 


P^S^'-O 
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f»,  Oy  and  p.    In  arm  P{ABCD)  the  1.000-,  100-,  50-.  one  20-,  10-,  one 
2-,  and  1-ohm  coils  are  in  circuit,  the  rest  being  short-circuited  by  the 
plugs  by  Cydyhy  jy  aud  /.    The  resistances  are,  therefore, 
^  =  10  ohms; 

N^  1,000  ohms; 

P=l,000-M00  +  50-f  20-f  10  + 2-f  1  =  1,183  ohms. 

By    substituting    in    the    formula  A'=  ^  X  /*,  we   get  t-aqq  X  1,183 
=s  11.83  ohms.    Ans. 


EXAMPLE    rOR    PRACTICE 


What  plugs  would  have  to  be  inserted  in  /*  to  measure  a  resist- 
ance of  21.7  ohms  in  ;r,  if  the  1-ohm  coil  only  be  used  in  J/ and  the 
10-ohm  coil  only  be  used  in  A''? 

or,  a,  b,  d,  e,  /,  f:,  A,  /,  fn\  or, 


1  a,     byCy     Cy     fyfTy     ky     ky     fHy 


or,     fl,     by     dy    Cy     /,    gy     ky     ky     fft. 
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61*  The  resistance  of  the  coils  is  usually  stamped  on  the 
top  of  the  box,  that  for  each  individual  coil  beinsf  marked 
beside  the  space  between  the  brass  blocks  to  which  the  coil 
is  attached,  so  that,  after  having  made  the  necessary  adjust- 
ments, it  is  easy  to  read  off  the  resistance  in  either  arm  of 
the  bridge  by  adding  the  figures  opposite  the  spaces  unfilled 
by  plugs. 

The  coils  themselves  are  wound  on  spools  of  insulating 
material,  and  in  reliable  instruments  are  carefully  stand- 
ardized. In  order  that  the  current  flowing  through  a  resist- 
ance coil  of  a  considerable  number  of  turns  should  not  create 
a  magnetic  field  or  produce  a  brief  current  due  to  its  self- 
induction,  either  of  which  might  affect  the  galvanometer,  the 
coils  are  wound  jton-inductively ;  that  is,  for  each  turn  around 
the  spool  in  one  direction  the  wire  is  wound  a  turn  in  the 
opposite  direction,  so  that  the  magnetic  effects  are  neutral- 
ized. The  usual  method  of  winding  the  spool  is  to  measure 
off  the  length  of  wire  required  and  fold  it  in  the  middle; 
then,  starting  at  this  fold,  the  two  parts  of  the  wire  are 
wound  on  as  one  wire.  A  current  circulating  in  a  spool  so 
wound  will  pass  through  one  half  the  wire  in  one  direction 
and  the  other  half  in  the  reverse;  so  the  magnetic  effects,  as 
well  as  the  self-induction,  are  rendered  practically  zero. 

In  making  resistance  measurements  with  a  Wheatstone 
bridge,  it  is  not  necessary  to  know  either  the  current  flow- 
ing or  the  E.  M.  F.  of  the  source  of  current;  so  almost 
any  source  of  direct  current  of  low  E.  M.  F.  is  suitable 
for  bridge  work.  It  is  customary  to  use  two  or  three 
primary  cells,  except  for  measuring  high  resistances, 
when   more   cells   may  be   necessary. 

62.  Modified  Anthony  Brid|<e. — A  much  superior  but 
more  expensive  form  of  Wheatstone  bridge,  known  as  a 
modified  Anthony  bridge,  is  shown  in  Fig.  36.  The  coils 
are  arranged  so  that  more  than  one  plug  need  not  be  used 
in  each  of  the  units,  tens,  hundreds,  and  thousands  rows  of 
the  rheostat  and  one  plug  in  each  ratio  arm.  Thus,  plug 
resistance  is  reduced  to  a  minimum.     The  ratio  arms  are 
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interchangeable  by  a  simple  plug  device.  With  plugs  in 
holes  u  and  o  we  have  v^  ~  p  ^^^  ^^^  bridge  will  read,  with 

various  plugs  in  the  positions  shown,  25,030  ohms.  With 
plugs  in  J  and  v,  the  ratio  arms  will  be  reversed  and  the 
bridge  will  read  250.3  ohms. 

63.  Best  Arran^cement  or  Arms. — That  arrangement 
of  resistances  in  a  Wheatstone  bridge  that  will  give  the 
greatest  sensitiveness — that  is,  that  will  correspond  to  a  maxi- 


mum deflection  of  the  galvanometer  for  a  given  change  in 
the  resistance  of  the  rheostat  arm — is  when  M  =  N  =  X 
=  P  =  G,  where  G.  is  the  galvanometer  resistance.  The 
best  value  for  the  resistance  of  the  galvanometer  is  the 
parallel  resistance  of  the  arms  of  the  bridge  connecting 
the    galvanometer   terminals;    that   is,    if   connected    as   in 

{Af^_N){X-\-P) 

Af-\-N-\-X-\-P' 
tions,  of  course,  can  rarely  be  attained  in  practice  and  are 
to  be  regarded,  therefore,  chiefly  as  the  ideal  condition,  that 
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should  be  approached  as  closely  as  possible  or  practical. 
Fortunately  quite  sufficient  sensitiveness  for  ordinary  pur- 
poses can  be  had  even  when  the  ideal  condition  is  widely 
departed  from. 

When,  as  is  usual,  the  sfalvanometer  resistance  is  larger 
than  the  internal  resistance  of  the  battery,  the  galvanometer 
should  be  connected  from  the  junction  of  the  two  arms 
having  the  highest  resistances  to  the  junction  of  the  remain- 
ing two  arms  having  the  lowest  resistances.  For  instance, 
in  Fig.  33,  the  galvanometer  should  be  connected  from  c  to  d 
and.  the  battery  from  a  to  d,  when  M  and  X  have  the 
greater  resistances  and  N  and  P  the  smaller  resistances. 
The  bridge  will  work  all  right  with  the  galvanometer 
connected  from  a  to  ^  and  the  battery  from  c  to  d,  but  it  will 
not  be  as  sensitive  an  arrangement  as  the  other;  unless  the 
internal  resistance  of  the  battery  is  greater  than  the  resist- 
ance of  the  galvanometer,  in  which  case  it  will  be  the  more 
sensitive. 

Not  over  .2  to  .8  ampere  should  ever  be  allowed  to  flow 
through  any  arm  of  an  ordinary  bridge,  as  an  excessive 
current  not  only  heats  and,  the;-efore,  increases  the  resist- 
ance of  the  coils,  but  it  may  permanently  injure  them. 

64.  The  form  of  bridge  best  adapted  for  general  testing 
purposes  has  a  rheostat  capable  of  being  adjusted  to  any 
resistance  from  1  to  about  11,000  ohms.  The  ratio  arms 
should  be  capable  of  having  values  of  10,  100,  and  1,000 
ohms,  thus  being  able  to  obtain  multipliers  from  tott  to  100. 

Some  form  of  D'Arsonval  galvanometer  is  most  conve- 
nient for  use  with  ordinary  Wheatstone  bridges.  These 
galvanometers  have  the  advantage  of  not  being  affected  by 
the  proximity  of  other  magnetic  fields,  and  are,  moreover, 
sufficiently  sensitive  for  ordinary  testing.  Of  course,  for  the 
most  accurate  tests,  some  form  of  reflecting  Thomson  gal- 
vanometer  may  be  necessary. 

In  portable  bridges,  there  is  generally  included  in  one  case 
a  compact  and  portable  form  of  D'Arsonval  galvanometer, 
two  keys  for  opening  and  closing   the  galvanometer  and 
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battery  circuits,  and  from  1  to  4  cells  of  dry  battery,  in  addi- 
tion to  the  resistances  forming  the  three  arms  of  the  bridge. 
Such  a  portable  set  adds  greatly  to  the  ease  with  which  rapid 
tests  may  be  made,  inasmuch  as  it  is  not  necessary  to  carry 
extra  batteries  and  a  separate  galvanometer  and  to  connect 
them  up  every  time  a  test  is  to  be  made. 

65.  Interpolation  Method. — Low  resistances  that  can- 
not be  measured  very  well  by  the  ordinary  method  of  bal- 
ancing a  Wheatstone  bridge  may  often  be  measured  with 
sufficient  accuracy  by  interpolation  of  deflections.  Suppose 
that  a  resistance  of  about  .01  ohm  is  to  be  measured.  Make 
the  bridge  arms  1,000  and  1,  respectively;  unplug  10  ohms 
from  rheostat,  and  suppose  that  the  needle  of  the  galva- 
nometer swings  to  +  or  right  side.  Try  5  ohms,  and  sup- 
pose that  it  reverses,  now  swinging  to  the  —  or  left  side. 
Another  trial  demonstrates  that  the  correct  value  lies 
between  7  and  8;  that  is,  between  .007  and  .008  ohm.  To 
determine  the  result  more  accurately,  note  the  values  of  the 
two  reverse  deflections  when  7  and  8  ohms,  respectively,  are 
out.  In  the  former  case  suppose  that  the  deflection  is 
—  1.4  divisions;  in  the  latter  case,  +1.1  divisions.  The 
8  comes  more  nearly  balancing,  or  in  other  words,  the  true 
valu^  is  more  nearly  8  than  7.  Now  divide  the  larger  deflec- 
tion by  the  sum  of  the  two  deflections,  and  annex  the  quo- 
tient to  the  smaller  value  removed  from  the  rheostat.     Thus, 

-— ^-^  =  ^  and  .007  +  H  of  .001  =  .00756  ohm  and  .007 
1.4  4-  1.1       25 

+  a  of  .001  =  .00756  ohm  is  the  resistance  desired.  To 
accurately  measure  low  resistances  in  this  manner  requires  a 
galvanometer  combining  low  resistance  with  high  sensitive- 
ness and  a  cell  having  high  E.  M.  F.  and  low  internal 
resistance. 

66.  nigrli  Resistance  by  Wheatstone  Bridf^e. — It  is 

sometimes  desirable  to  determine  by  means  of  a  Wheatstone 
bridge  a  resistance  that  is  too  high  to  be  measured  by 
it  in  the  ordinary  direct  manner.  Provided  there  can  be 
conveniently  obtained  a  resistance,   such  as   a  number  of 
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incandescent  lamps  connected  in  series  or  a  hi^fh-resistance 
field  rheostat  whose  resistance  can  be  directly  measured  by 
the  Wheatstone  bridge,  the  value  of  the  unknown  resistance 
can  be  determined  in  the  following  manner:  First  measure 
the  lower  resistance  and  let  it  be  y  ohms.  Then  connect  this 
resistance  y  in  parallel  with  the  high  unknown  resistance 
and  measure  the  joint  resistance  of  the  two  connected  in 
parallel  and  let  this  be z ohms.    Then,  if  x  is  the  unknown  high 

resistance,  we  have  jar  =  -     -^   ,  from  which  we  get 

x-Vy 


yz 

X  =  -^ — 


(15) 

y  -z 

Where  x  is  above  the  top  limit  of  the  bridge  y  should  be 
as  high,  as  can  be  accurately  measured  on  the  bridge,  or  as 


Fig.  S7 

high  as  can  be  obtained,  say,  at  least  several  thousand 
ohms.  When  y  is  accurately  known  or  measured  and  x  is 
not  too  high,  this  is  a  very  good  method.  This  method 
may  be  used  to  check  up  resistances  that  have  been  measured 
separately. 

An  example  will  serve  to  illustrate  this  way  of  measuring 
a  high  resistance.  Let-  the  resistance  y,  measured  by  itself 
with  the  bridge  in  the  ordinary  way,  be  60,201  ohms  and  let 
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the  result  z  obtained  by  measuring:  y  and  the  unknown  high 
resistance  in  parallel  be  57,010  ohms;    then  the  unknown 

high  resistance  .  =  Ij^-f^gJJ^  =  1.075.600  ohms. 

67.  By  grounding  the  distant  end  of  a  line,  the  resist- 
ance of  the  conductor  that  makes  up  the  line  may  be 
measured  by  the  Wheatstone  bridge.'  Grounding  a  circuit 
consists  in  connecting  it  electrically  with  the  earth,  usually 
by  means  of  a  metal  plate  buried  in  moist  earthy  or  to  the 
pipes  of  a  water  or  gas  system.  Grounding  is  convention- 
ally represented  as  at  E  or  E^y  in  Fig.  37.  The  resistance 
of  the  earth  varies  from  a  fraction  of  an  ohm  to  50  or  more 
ohms,  depending  on  the  nature  of  the  soil  and  the  kind  and 
size  of  the  ground  plates.  It  is  usual  to  consider  the  resist- 
ance of  an  earth  circuit  of  at  least  several  miles  as  about 
10  ohms.  The  resistance  of  the  earth,  if  the  grounding  is  well 
done,  may  usually  be  neglected  in  measurements  in  which  it 
enters,  provided  the  resistance  measured  is  large  compared 
with  about  10  ohms.  A  very  common  way  of  representing 
a  Wheatstone  bridge  and  its  connections  is  shown  in  Fig.  37. 


PRECISION  IN  MEASUREMENTS 

68.  Mathematical  results  can  be  obtained  with  absolute 
atcuracy  with  proper  attention,  but  any  measurements  that 
can  be  made  are  liable  to  error;  that  is,  it  cannot  be  deter- 
mined that  the  measurement  is  absolutely  correct.  For 
example,  an  absolutely  rectangular  portion  of  the  top  of  a 
table  37.5  inches  long  and  20  inches  wide  has  a  surface  area 
of  absolutely  750  square  inches,  no  more  and  no  less,  but  it 
would  be  impossible  to  lay  out  a  surface  on  a  table  or  any- 
where else  that  would  be  known  to  have  a  surface  area  of 
exactly  750  square  inches. 

Results  from  a  series  of  measurements  cannot  be  expected 
to  have  a  greater  degree  of  accuracy  than  the  instruments 
with  which  such  measurements  are  made;  and,  conversely, 
it  is  unnecessary  labor  to  use  very  accurate  and  sensitive 
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instruments  to  obtain  results  that  it  is  only  necessary  to 
know  approximately. 

Each  of  a  series  of  measurements  should  be  made  with  a 
degree  of  precision  corresponding  to  the  effect  it  will  have  on 
the  final  result.  For  example,  if  it  be  desired  to  find  the 
cubic  inches  of  iron  in  a  bar  about  20  feet  long  and  about 
i  inch  square  by  measuring  its  length  and  width  and  thick- 
ness, it  would  be  absurd  to  carefully  measure  the  length  to 
eighths  of  an  inch  with  a  graduated  scale,  and  then  to  esti- 
mate the  width  and  thickness  by  using  the  end  joint  of  the 
thumb  as  an  inch  and  estimating  by  the  eye  the  fraction 
of  that  distance  that  would  equal  the  width  or  thickness  of 
the  bar. 

In  making  delicate  tests  that  require  a  high  degree  of 
accuracy,  the  subject  should  be  carefully  studied,  and  pre- 
cautions taken  to  move  as  far  as  possible  any  source  of 
error;  the  reading  should  be  repeated  several  times,  and;  if 
possible,  repeated  with  different  methods  and  apparatus. 
Even  then  the  best  that  can  be  said  is  that  the  results  are  as 
nearly  accurate  as  the  apparatus  will  allow,  to  the  best  of 
one's  judgment. 

So,  in  making  measurements,  electrical  or  otherwise,  care 
should  be  taken  to  make  the  apparatus,  methods  of  using  it, 
and  the  necessary  calculations  as  accurate  as  the  required 
degree  of  precision  of  the  final  result  requires.  At  the  same 
time  unnecessary  labor  in  making  one  part  of  the  work  pre- 
cise beyond  a  point  where  the  unavoidable  errors  in  another 
part  would  neutralize  such  precision  should  be  avoided. 

69.  This  leads  to  the  consideration  of  how  many  sig- 
nificant figures  to  retain  in  the  readings,  calculations,  and 
results  to  obtain  results  within  the  accuracy  of  the  instruments 
used.  By  si^ri^ificant  figpures  is  meant  the  number  of 
digits,  not  counting  the  zeros  that  are  used  merely  to  indicate 
the  position  of  the  decimal  point. 

For  example,  20467,  28.321,  45.670,  and  .00010569  would 
each  have  five  significant  figures.  If  it  were  necessary  to 
use  but  four  significant  figures,  these  values  would  be  written 


§8  ELECTRICAL  MEASUREMENTS  71 

20470,  28.32,  45.67,  or  .0001057;  that  is,  if  the  figure  dropped 
be  5  or  greater,  the  next  figure  to  the  left  is  increased  1; 
if  less  than  5,  the  figure  to  the  left  is  unchanged.  Zeros  are 
sometimes  significant  figures,  as  in  45.670  and  in  the  example, 
25  X  4  =  100.  There  are  three  significant  figures  in  t&e 
answer,  100,  as  the  example  has  been  carried  out  far  enough 
to  show  that  the  value  of  units  and  tens  is  0  in  each  case. 
In  the  number  20,470  where  four  significant  figures  are 
required,  the  last  zero  indicates  that  the  actual  value  of  the 
number  is  known  to  be  within  5  units  either  way  from  0, 
because  if  it  had  been  20,475  or  greater  it  would  have  been 
written  20,480,  and  if  20,464  or  less  it  would  have  been 
written  20,460.  Whereas,  if  five  significant  figures  were 
required,  20,470  would  indicate  that  the  last  number  was 
known  to  be  within  .5  unit  either  way  from  0,  for  a  reason 
similar  to  that  just  given. 

The  requirements  of  the  calculations  and  results  of  obser- 
vations in  this  respect  are  as  follows:  (a)  If  any  one  of  the 
measurements  cannot  be  determined  within  1  per  cent.,  four 
significant  figures  retained  in  any  reading,  calculation,  or 
result  will  give  an  answer  correct  within  the  limits  of  preci- 
sion of  the  measurements,  (d)  If  any  one  of  the  measure- 
ments cannot  be  determined  within  less  than  .1  per  cent.,  but 
can  be  within  1  per  cent.,  five  significant  figures  are  required; 
and  (c)  if  not  within  .01  per  cent.,  but  within  .1  per  cent., 
six  significant  figures  are  required. 

The  degree  of  precision  of  the  various  instrhments  used 
in  making  electrical  measurements  can  be  obtained  either 
from  careful  calibration  or  from  the  maker's  guarantee,  and 
results  obtained  from  such  instruments  may  be  calculated 
with  the  allowable  degree  of  accuracy  by  observing  the 
requirements  given. 
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SL.IDE-WIRE    BBIBGE 

1.     For  measuring  low  resistances,  a  modification  of  the 
Wheatstone  bridge,  known  as  the  slide-wire,  or  meter, 

brldgre,  is  used;  a  diagram  of  it  is  shown  in  Fig.  1.  A 
wire  ad  oi  uniform  cross-section  is  stretched  between  the 
heavy  copper  blocks  c,  d;  J^  is  a  known  and  X  an  unknown 
resistance,  both  of  which  are  connected  at  one  end  to  the 
heavy  copper  block  e,  and  at  the  other  to  the  blocks  c,  d, 
respectively.  The  galvanometer  is  connected  between  the 
block  e  and  a  contact  piece  n  sliding  on  the  wire  a  b.  This 
is  a  form  of  the  Wheatstone  bridge  where  the  arms  M^  N  are 
replaced   by  Ryan,  and   the   adjustable   resistance   by  nb. 

From  the  consideration  of  the  principles  of  the  Wheatstone 

fi  J) 

bridge,  R\  X  —  an\n  b\  or,  X=^X  — . 

an 

The  copper  blocks  r,  e,  and  d  are  made  heavy,  so  that  they 

will  introduce  no  appreciable  resistance  into  either  arm  of 

the  bridge.     As  the  wire  a  ^  is  of  tmiform  cross-section,  its 

absolute  resistance  need  not  be  known;    as  the  resistance 

of  the  two  parts  a  n  and  7i  b  will  be  directly  proportional  to 

their  lengths,  the  formula 

X  =  RX~  (1) 

a  n 

For  notice  of  a>pyrizht,  see  page  immediately  tollowinz  the  title  Pare 
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will  hold  good  if  a  n  and  n  b  represent  length  instead  of 
resistance.  It  is  not  even  necessary  to  Itnow  the  actual 
lengths  of  an  and  nb\  their  ratio  is  sufBcient.  It  is  custom- 
ary, however,  to  make  the  length  of  the  wire  a  6  one  meter 
in  this  form  of  slide-wire  bridge;  whence  the  name  ttu/^ 
brid^.    The  slider  n  is  usually  arranged  so  that  one  end 


slides  along  a  scale  parallel  to  or  underneath  the  wire,  the 
scale  being  divided  into  any  convenient  number  of  divisions — 
in  the  case  of  a  meter  bridge,  into  millimeters;  so  that  the 
lengths  a  n  and  n  b  may  be  read 
directly  from   the   scale.     The 
known  resistance  R  is  not  gen- 
erally made  adjustable;  instead 
standard    coils    are    used,    the 
general   sizes   being:  ■!>  L   and 
10  ohms,  the  particular  coil  used 
being  selected  according  to  the 
resistance  X.    This  makes  the 
construction  of  the  bridge  much 
cheaper  than  the  ordinary  form, 
''"''  ^  and  as  standard  resistance  coils 

of  great  accuracy  may  be  purchased,   the  bridge  may  be 
cheaply  and  easily  constructed, 

2.  These  standard  resistance  coils  are  usually  of  the  form 
shown  in  Fig.  2.  The  resistance  coil  itself  is  enclosed  in  a 
brass  shell,  and  the  whole  filled  with  paraffin.  The  two  pro- 
jecting wires  are  of  heavy  copper,  and  serve  as  terminals. 
In  order  to  insure  good  contact,  when  great  accuracy  of 
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measurement  is  required,  the  terminals  of  the  copper  bars 
r,  e,  and  d  (Fig.  1),  where  the  resistances  R  and  X  are 
attached,  are  usually  made  in  the  form  of  mercury  cups, 
instead  of  binding  posts,  so  that  in  connecting  the  standard 
resistance  coil  it  is  only  necessary  to  hang  the  ends  of  the 
terminals  in  the  mercury  cups. 

It  is  not  at  all  necessary  that  the  wire  of  the  slide-wire 
bridge  be  stretched  out  straight,  as  shown  in  Fig.  1.  This 
is  a  very  convenient  way  to  make  such  a  bridge,  but  they  are 
often  built  with  the  wire  wrapped  around  an  insulating  cylin- 
der, or  stretched  around  the  edge  of  a  support,  which  may  be 
circular  or  square,  or  of  other  shape,  the  main  point  being  to 
support  and  insulate  a  long  piece  of  bare  wire  so  that  the 
ratio  of  the  distance  from  any  point  on  the  wire  to  both 
ends  of  the  wire  may  be  determined. 

The  slide-wire  bridge  is  more  especially  suited,  as  stated, 
to  the  measurement  of  low  resistances,  such  as  determining 
the  specific  resistance  of  metals,  electrolytes,  etc. 


RESISTANCE  OF  ELECTROLYTES 

3.  The  resistance  of  a  solution,  or  electrolyte,  cannot  be 
accurately  measured  by  the  ordinary  Wheatstone  bridge  with 
a  direct  current  on  account  of  polarization.  However,  with  an 
alternating  current  in  place  of  a  direct  current  and  a  telephone 


Fio.  s 


receiver  in  place  of  a  galvanometer,  the  bridge  method 
may  still  be  used.  For  most  purposes,  a  slide-wire  bridge 
with  rather  a  high-resistance  (small)  slide  wire  is  most  suit- 
able.    The  connections  may  be  arranged  as  shown  in  Fig.  3, 
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in  which  D  represents  an  alternating-current  dynamo  or  a 
device,  such  as  an  induction  coil,  that  reverses  the  direct 
current  supplied  by  a  battery.  If  an  alternating  current 
generated  at  about  110  volts  is  used,  a  110-volt,  16-candle- 
power  incandescent  lamp  L  should  usually  be  connected  in 
series  with  the  source  of  current  so  that  not  more  than 
a  ampere  can  be  sent  through  the  bridge.  An  alternating 
current  at  a  pressure  of  5  to  12  volts  is  very  convenient. 
^  is  a  known  and  X  the  electrolytic  resistance  to  be 
measured.  In  this  case  the  electrolyte  is  held  in  a  glass 
tube  between  proper  electrodes  and  corks  at  the  ends.  The 
solution  should  be  free  from  bubbles  of  air  or  gas.  The 
pointer  is  touched  at  different  points  along  the  bridge  wire 
a  b  until  a  balance  point  n  is  found  that  causes  no  sound,  or 
at  least  a  minimum  sound,  in  the  telephone  receiver  71 

The  plates  dipping  in  the  electrolyte  should  be  made  of 
similar  material  and  preferably  of  such  material  that  the 
electrolyte  will  not  act  chemically  on  them.  For  this 
reason  platinum  and  gold  are  by  far  the  best  because  they 
may  be  used  with  practically  any  electrolyte;  they  are 
expensive,  however,  and  other  metals  may  often  be  used. 
The  telephone  receiver  is  very  sensitive,  in  fact  it  is  some- 
times difficult  or  impossible  to  find  a  point  where  no  sound 
is  produced.  This  is  probably  due  to  a  lack  of  balance  in 
the  inductance  or  capacity  of  the  various  arms  of  the  bridge, 
and  the  point  at  which  a  minimum  sound  is  produced  must 
be  accepted  as  the  balancing  point. 

4.  Resistivity  of  Electrolytes. — ^The  resistance  of  an 
electrolytic  cell  depends  not  only  on  the  temperature  and 
composition  of  the  electrolyte,  but  also  on  the  size  and  shape 
of  the  electrodes  and  the  vessel.  Moreover,  it  is  the  resis- 
tivity or  specific  resistance  of  the  electrolyte  that  is  generally 
desired.  When  this  is  the  case,  the  resistance  of  an  electro- 
lytic cell  having  fixed  electrodes  and  filled  with  a  solution 
whose  specific  resistance  p  (Greek  letter  rho)  is  known 
should  be  first  determined.  Let  this  resistance  be  R.  Then 
refill  the  same  cell  with  the  given  electrolyte  and  measure 
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the  resistance  of  the  cell,  which  will  be  called  Ri,  In  this 
case,  the  form  of  cell  shown  at  Fig.  *3  (b)  is  very  suitable. 
The  platinum  electrodes  r,  s  are  slightly  curved  so  that  no 
bubbles  can  be  retained  under  them  and  they  are  perma- 
nently suspended  from  hard-rubber,  or  fiber,  covers  so  that 
when  the  covers  are  in  position  the  two  electrodes  are 
always  in  the  same  relative  position.  The  glass  vessel  m 
should  always  be  filled  to  the  same  height. 

Let  the  temperature  of  the  standard  electrolyte,  when  its 
resistance  R  is  measured,  be  /°  C,  the  temperature  of  the 
given  electrolyte  when  its  resistance  Ri  is  measured  be 
/j°  C,  and  the  specific  resistance  of  the  standard  electro- 
lyte at  /°  C.  be  /?,  then  the  specific  resistance  of  the  given 
electrolyte  />i  at  /i°  C.  may  be  obtained  from  the  proportion 
p^  :  R^  =  p  :  R^  or 

r.  -  -/       (2) 

When  the  specific  resistance  of  a  low-  or  high-resistance 
electrolyte  is  to  be  determined,  the  vessel  should  preferably 
be  standardized  by  the  use  of  a  standard  low-  or  high-resist- 
ance electrolyte,  respectively.  Any  one  of  the  following 
solutions  may  be  used  as  a  standard:  Sulphuric-acid 
solution,  consisting  of  30.4  per  cent,  pure  sulphuric  acid  has 
a  specific  gravity  of  1.224;  its  specific  resistance  at  the 
temperature  /°  C.  may  be  calculated  by  the  following  fonnula: 

p  =  1.36[l  -  .0163  (/  -  18°)]  (3) 

« 

Sodium-chloride  (common  salt)  solution,  consisting  of 
26.4  per  cent,  of  sodium  chloride,  has  a  specific  gravity  of 
1.201  and  at  the  temperature  /®  C.  a  specific  resistance  of 

p  =  4.66[l  -  .022  (/  -  18°)]  (4) 

Magnesium-sulphate  solution,  consisting  of  17.3  per  cent, 
of  magnesium  sulphate,  has  a  specific  gravity  of  1.187  and  at 
the  temperature  /°  C.  a  specific  resistance  of 

p  =  20.45[l  -  .026  (/  -  18°)]  (5) 
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These  solutions  may  be  made  of  the  required  strength  by 
diluting  a  too  strong  solution  until  a  hydrometer  shows  that 
the  proper  specific  gravity  has  been  obtained.  All  specific 
resistances  given  above  refer  to  the  resistance  of  a  centi- 
meter cube  in  international  ohms.  By  means  of  these  for- 
mulas the  value  of  p  to  be  used  in  the  formula  />,  =  -7,  -, 

may  be  computed  for  the  temperature  /®  C.  at  which  R  was 
measured  by  the  slide-wire  bridge. 

5.  Conversion  of  Temperature  Scales.  —  Temper- 
atures may  be  converted  from  the  Fahrenheit  to  the  centi- 
grade scale,  or  vice  versa,  by  the  following  rules: 

Rule  I. — To  convert  Fahrenheit  to  centigrade y  subtract  32, 
multiply  by  5,  and  divide  by  9, 

For  example,  60°  F.  =  l^Q_rr_32l5  ^  ^qo  q 

Rule  II. — To  convert  centigrade  to  Fahrenheit,  multiply  by  9, 
divide  by  5,  and  add  32. 

For  example,  100°  C.  =  ?_><i29  +  32  =  212°  F. 


CONl>UCTIVITY    BRIDGE 

6.  To  determine  whether  the  wires  used  for  electric  light, 
power,  telephone,  or  telegraph  circuits  come  up  to  the  con- 
ductivity specified,  some  convenient  method  is  desirable. 
The  ordinary  Wheatstone  or  box  bridge  is  not  suitable, 
because  reliable  results  cannot  be  obtained  with  it  unless 
several  ohms,  at  least,  of  the  wire  to  be  tested  -can  be  meas- 
ured; as  this  requires  such  a  long  piece  of  No.  14  or  larger 
sizes  of  copper  wire  it  is  decidedly  an  inconvenient  method. 
Some  sort  of  a  slide-wire  bridge  is  much  better. 

In  Fig.  4  is  shown  a  diagram  of  connections  of  a  very 
convenient  and  good  form  of  conductivity  bridge.  The 
resistances  P,  Q  are  exactly  equal,  while  A  is  somewhat 
larger;  their  exact  value  must  be  known.  The  arrangement 
of   the    resistances    forms  a  slide-wire   bridge,   the  sample 
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wire  ab^  2i  portion  of  which  is  to  be  measured,  forming  the 
slide  wire.     The  coils  A,  P  are  now  in  parallel  and  their 

joint  resistance  is  equal  to  -      -— . 

A  -\-  P 

Let  r„  r„  r„  and  r*  represent,  as  indicated,  the  resistances 
of  the  side  connections,  including  the  sheet-copper  strips, 
joints,  and  ends  of  the  sample  wire  under  test,  to  the 
points  where  the  scale  commences  and  ends.  The  bridge 
is  balanced  by  closing  the  battery  circuit  and  adjusting  the 
position  of  v  imtil  no  deflection  of  the  galvanometer  is  pro- 
duced when   its  circuit  is  closed.     Let  this  point  be  at  a 


■^-, 


**«-  -^"^ 


Pig.  4 


distance  Xy^  from  a  and  hence  L  —  Xx  from  b,  in  which  L  is 
the  total  length  of  the  scale.  Further,  let  Z  be  the  resist- 
ance of  one  unit  length  of  the  sample  wire  a  b.  The  follow- 
ing proportion  then  holds  true  between  the  four  arms  of 
the  bridge: 

R.  _  -'+/+-^+-'  +  ^^' 
R,      r,  +  Q+r,  +  Z{L-A\) 
The  battery  should  be  reversed  by  means  of  the  switch  A' 
and  another  balance,  which  may  or  may  not  be  exactly  the 
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same  as  the  first  one  obtained.  In  the  equation  just  gfiven, 
A'j  should  be  the  average  value  of  the  two  balanced  positions 
obtained  with  the  battery  direct  and  reversed.  This  pro- 
cedure eliminates  errors  due  to  thermoelectric  currents. 

Now  transpose  the  coil  A,  putting  it  on  the  right  side  in 
parallel  with  the  coil  Qy  and  obtain  a  new  balance  by  shift- 
ing If  until  no  deflection  of  the  galvanometer  is  produced. 
Reverse  the  battery,  as  before  in  getting  A',,  and  obtain 
another  balance.  Suppose  that  the  average  of  these  two 
readings  is  -Y.  inches  from  the  left  end  of  the  scale  and 
hence  L  —  Xn  from  the  right  end.  Then  we  may  write  the 
proportion 

By  solving  these  two  equations,  assuming  that  P  and  Q 
are  equal,  we  get 

Hence,  if  we  know  the  resistances  of  P  and  A^  and  also  Qy 
since  it  must  be  exactly  equal  to  Py  and  if  we  have  obtained, 
by  balancing  the  bridge,  the  quantities  Ai,  A.  we  can  evi- 
dently calculate  the  value  of  Z,  which  is  the  resistance  of  a' 
unit  length  (generally  1  inch,  1  foot,  or  1  centimeter)  of  the 
wire  under  Jest. 

If  the  resistances  (including  the  metal  connections)  are 
all  made  of  copper,,  adjusted  to  be  correct  at  some  one 
temperature,  say  70^  F.,  then  measurements  made  on  copper 
samples  will  be  entirely  independent  of  temperature,  and 
hence,  at  whatever  temperature  the  tests  are  made,  provided 
all  parts  of  the  bridge  and  sample  are  at  the  same  tempera- 
ture, the  measurements  are  correct  for  70°  F. 

7.  Conductivity  bridges,  as  they  are  called,  depend- 
ing on  this  principle  and  requiring  samples  only  30  inches 
in  length,  are  now  made  in  convenient  form  by  several 
manufacturers  of  electrical  instruments.     The  samples  need 
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only  be  stretched  along  the  scale  and  held  in  position  by 

clamps  provided  for  that  purpose. 

The  resistances  P^  Q  are  made  of  No.  22  B.  &  S.  copper 

wire  rolled  into  strips  and  adjusted  to  have  a  resistance  of 

tV  ohm  each;  the  coils  /?,,  /?,  have  a  resistance  of  1  ohm 

each.     For  measuring  copper  wires  Nos.  4  and  5  B.  &  S., 

the  shunt,  as  the  coil  A  is  called,  has  a  resistance  of  about 

28.5  ohms;  for  Nos.  6  and  7,  the  shunt  is  about  13.2  ohms; 

for  Nos.  8,  9,  and  10,  the  shunt  is  about  4.9  ohms;  and  for 

Nos.  11  and  12,  the  shunt  is  about  3.23  ohms.     The  shunt 

P* 
coils    have    marked    on    them    the    value    of    ~e~T~2  ^^®® 

formula  6)  and  not  the  actual  resistance  of  the  coil  A. 
The  entire  bridge  is  enclosed  in  a  case  to  prevent  changes 
in  temperature  of  any  part  of  the  bridge  by  air-currents  or 
radiation  from  any  warm  body.  Each  foot  of  the  scale  is 
divided  into  200  parts  and  by  means  of  a  vernier  one-fifth  of 
a  division  can  be  read;  hence,  adjustments  and  readings  can 
be  made  to  toW  foot.  A  D'Arsonval  galvanometer  of  about 
4  to  20  ohms  resistance  and  a  light  system,  is  suitable  to 
use  with  this  conductivity  bridge. 

8.  Precautions. — This  method  assumes  a  uniform  tem- 
perature for  all  the  resistances,  and  hence  great  care  must 
be  taken  that  temperature  disturbances  do  not  occur.  The 
sample  and  shunt  resistances  should  be  handled  as  little  as 
possible,  sudden  changes  in  the  temperature  of  the  room 
should  be  avoided,  the  mercury  contacts  of  the  shunt  resist- 
ances should  be  kept  well  amalgamated  and  scrupulously 
clean,  and  the  current  passed  through  the  bridge  should  not 
exceed  that  furnished  by  one  or  two  dry  cells,  nor  should  the 
battery  circuit  be  closed  any  longer  than  is  absolutely  neces- 
sary to  obtain  a  balance.  Since  the  resistance  of  the  bridge 
is  very  low,  it  is  generally  a  good  plan  to  insert  5  or  10 
ohms  directly  in  series  with  the  battery  to  keep  down  the 
strength  of  the  current.  To  determine  if  the  various  resist- 
ances are  at  the  same  temperature  obtain  a  balance  on  a 
clean  sample  or  standard  wire,  and  after  waiting  a  time  obtain 

43—33 
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another  balance.  Any  difference  between  the  two  balances 
indicates  that  some  resistances  are  changing  in  temperature 
more  than  others. 

The  advantages  of  the  conductivity  bridge  are:  First,  all 
errors  due  to  uncertain  contact  resistances  are  eliminated; 
second,  if  all  coils  are  made  of  copper  the  measurements  on 
copper  wires  do  not  have  to  be  corrected  for  temperature; 
third,  measurements  can  be  made  very  quickly,  thus  enabling 
a  large  number  of  samples  to  be  tested  in  a  day. 


INTERNAL.    RESISTANCE    OF    BATTERIES 

9*  The  Internal  resistance  of  a  battery  or  cell  is  a 
very  variable  quantity,  depending  on  the  kind  of  cell,  size 
of  electrodes,  distance  between  electrodes,  condition  of  the 
solution  and  the  electrodes,  and  the  current  flowing  through 
the  cell.  It  is  somewhat  difficult  to  measure  and  very  exact 
results  can  hardly  be  expected.  There  are  a  number  of 
methods  for  determining  it,  but  for  practical  purposes  the 
voltmeter-and-ammetcr  method,  which  is  described  in 
connection  with  measurements  with  these  instruments,  is 
the  most  satisfactory.  Several  methods  that  have  proved 
satisfactory  and  do  not  require  both  a  voltmeter  and  an 
ammeter  will  be  given  here. 


HALF-TANGENT    METHOD 

10.  For  the  halt-tan^ent  metbod  of  determining  the 
internal  resistance  of  cells  an  adjustable  resistance  box  and  a 
tangent  galvanometer  are  generally  used;  however,  it  may  be 
made  with  an  ordinary  Wheatstone  bridge  set,  the  bridge 
being  used  merely  as  an  adjustable  resistance.  A  much 
more  convenient  way  is  to  use  an  ammeter  or  a  milliam- 
meter  in  place  of  the  tangent  galvanometer. 

In  series  with  the  cell  or  battery  whose  internal  resistance 
is  desired,  connect  an  adjustable  known  resistance  and  the 
tangent  galvanometer.  Use  such  a  coil  of  the  galvanometer 
or  arrange   the   adjustable  resistance  so  that  a  deflection 
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between  60°  and  80°  is  obtained.  It  is  best  in  this  case  to 
use  as  little  of  the  adjustable  resistance  as  possible.  With 
cells,  like  the  gravity,  having  an  appreciable  internal  resist- 
ance, no  resistance  external  to  the  cell  is  usually  necessary. 
If  the  deflection  is  too  large  it  is  preferable  to  use  a  galva- 
nometer coil  having  fewer  turns.  Suppose  that  there  is  a 
small  resistance  a  external  to  the  cell;  this  must  include  the 
galvanometer  resistance  unless  the  latter  is  small  enough  to 
be  neglected.  Note  the  galvanometer  deflection,  in  degrees, 
and  from  a  table  of  Natural  Tangents  obtain  the  tangent  cor- 
responding to  this  angular  deflection.  Divide  this  tangent 
in  half  and  from  the  same  table  obtain  the  degrees  corre- 
sponding to  this  half  tangent.  Then  increase  the  known 
adjustable  resistance  until  the  deflection  is  reduced  to  the 
degree  obtained  from  the  table.  Let  the  known  total  external 
resistance  now  be  c  ohms.  Since  the  tangent  of  the  second 
deflection  is  half  the  tangent  of  the  first  deflection,  it  is 
evident  that  the  current  has  been  reduced  one-half  and  the 
total  resistance  must,  therefore,  have  been  increased  to 
double  its  first  value.  Hence,  if  b  is  the  internal  resistance 
of  the  cell  or  battery,  then  2(^-|-a)  =  b  ■\-  c.     From  which 

we  get 

b^c-'la  (7) 

Evidently,  if  no  external  resistance  a  is  used  when  the 
first  deflection  is  obtained,  b  will  be  equal  to  c. 

11.     Half-Detlectlon   Method    Usln^  an  Ammeter. 

An  ammeter  or  milliammeter  of  suitable  range  can  be  used 
in  place  of  the  tangent  galvanometer,  and  it  is  much  more 
convenient.  All  that  is  necessary  is  to  adjust  the  resistances, 
so  that  one  reading  on  the  scale,  that  is  one  current,  is  just 
one-half  the  other.  The  internal  resistance  is  worked  out  in 
the  same  manner,  using  formula  7. 

Example. — A  gravity  cell  connected  in  series  with  a  tangent  gal- 
vanometer and  a  resistance  of  .3  ohm,  gave  a  deflection  of  65°.  The 
resistance  of  the  galvanometer  and  all  connecting  wires  was  .1  ohm. 
The  tangent  of  65*^  was  found  in  a  table  of  Natural  Tangents  to  be 
2.14451.  The  angle,  having  a  tangent  of  \  (2.14451)  =  1.07225,  was 
found  in  the  same  table  to  be  very  nearly  47°.     It  was  found  necessary 
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to  add  an  extra  resistance  of  3.05  ohms  in  series  with  the  cell  and  galva- 
nometer in  order  to  reduce  the  deflection  from  65°  to  47^.  What  was 
the  internal  resistance  of  the  cell? 

Solution. — By  formula  7 9  internal  resistance  6  ^  c  —  2a,  in  which 
c  =  3.05  +  .3  +  .1  =  3.46  and  a  »  .3  +  .1  =  .4.  Hence,  d  «  3.46  -  .8 
»  2.66  ohms.    Ans. 


±B 
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COin>ENSER    METHOD 

12.  Connect  the  cell  ^  whose  internal  resistance  is  to  be 
measured  as  shown  in  Fig.  5.  G  must  be  a  ballistic,  or  slow- 
moving,  galvanometer,  in  order  that  its  first  swing  may  be 
proportional  to  the  quantity  of  electricity  passing  through  it. 
With  the  switch  5  open,  depress  the  key  JC  so  as  to  charge 
the  condenser  C,  release  the  key  quickly  so  as  to  discharge 
the  condenser  through  the  galvanometer.  Let  E  be  the 
£.  M.  F.  of  the  cell  on  open  circuit  (that  is,  with  5"  open) 
and  d  the  observed  first  swing  of  the  galvanometer.  With 
a  suitable  resistance  at  i?,  close  .S"  and  repeat  the  above  opera- 
tion of  charging  and  discharging  C,  d'  being  the  observed 

first  swing  of  the  galvanom- 
eter and  £^  the  difference  of 
potential  across  the  battery 
terminals  when  the  battery 
circuit  is  closed  through  R 
and  S.  Since  the  first  or 
extreme  swing  of  the  gal- 
vanometer is  proportional 
to  the  quantity  of  electricity 
passing  through  it,  and  the  quantity  of  electricity  that  a 
given  condenser  will  receive  is  proportional  to  the  E.  M.  F. 
applied  to  its  terminals,  then  it  follows  that  d  :  d'  =  E :  E'. 
But  the  total  E.  M.  F.  E  ^  I(R  +  b),  I  being  the  cur- 
rent and  b  the  internal  resistance,  whereas  E'  =  I R. 
Hence,  d:d'  ^  I{R  -\- b)  : /R.ord :  d^  =  R  +  b  :  R.  Solving 
this  for  b,  we  get 

13.  E.  M.  F.  of  Cell. — These  same  connections  may  be 
utilized  to  determine  the  E.  M.  F.  of  a  cell.     Keep  5  open. 
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or  better,  remove  5"  and  R  altogether.  First  connect  a 
standard  cell,  whose  E.  M.  F.  E  is  known,  at  B.  Charge 
the  condenser  and  observe  the  first  swing  d  when  the  con- 
denser is  discharged  through  the  galvanometer.  Repeat 
this  operation  with  the  cell,  whose  E.  M.  F.  is  desired, 
connected  at  B  in  place  of  the  standard  cell.  Let  its 
E.  M.  F.  be  -£^  and  the  observed  first  swing  be  (Ty  then 
d:  d'  =  E  :  E'^  or 

B  =  ^  (9) 


MEASUBEMENT  OF  HIGH  AND  INSUIiATION 

BESISTAKCE 

14.  Insulation. — In  order  to  transmit  electricity  from 
one  point  to  another,  that  is,  to  make  the  electric  current 
follow  the  conductor,  it  is  necessary  that  the  conductor 
should  be  separated  from  all  points  between  which  and  the 
conductor  there  is  a  difference  of  potential  by  substances 
whose  resistance  is  so  high  that  that  difference  of  potential 
can  establish  no  appreciable  current. 

If  two  conductors  supplying  current  to  a  lamp,  for  example, 
were  laid  directly  on  the  ground,  more  or  less  of  the  current 
would  flow  directly  from  one  conductor  to  the  other  through 
the  earth,  the  earth  being  a  fairly  good  conductor.  If  the 
wires  were  surrounded  by  glass  tubes,  the  resistance  offered 
to  the  passage  of  the  current  from  wire  to  wire  through  the 
glass  and  the  earth  would  be  so  great  that  the  current  would 
be  infinitesimal,  and  the  full  strength  of  the  current  could  be 
utilized  in  the  lamp.  Or,  if  the  wires  were  suspended  in  per- 
fectly dry  air  upon  clean  glass  knobs  attached  to  poles,  the 
resistance  between  conductors,  or  from  the  conductors  to  the 
earth,  would  be  comparatively  enormous.  The  joint  resistance 
through  all  such  insulators  that  are  in  parallel  is  known  as  the 
Insulation  resistance  of  the  circuit,  and  it  is  obvious  that  it 
should  be  as  great  as  possible.  The  insulation  resistance  of  a 
circuit  may,  therefore,  be  defined  as  the  joint  resistance  of  all 
paths,  through  substances  that  insulate  the  circuit  more  or 
less  perfectly,  to  the  earth  and  other  conducting  bodies. 
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In  almost  all  electrical  appliances,  insulating  materials  are 
as  necessary  as  conducting  materials,  and  the  measurement 
of  the  insulation  resistance  of  such  apparatus  is  often  very 
important.       For   telegraph,   telephone,  and   high-potential 
power- transmission  lines,  bare  wires  supported  on  glass  or 
porcelain  insulators  are  used.     From  the  high  specific  resist- 
ance of  glass  it  would  be  reasonable  to  suppose  that  this 
would  insulate  the  wires  very  thoroughly  from  the  earth, 
which  would  be  the  case  were  it  not  that  the  surface  of  the 
glass  insulators  is  generally  covered  with  a  film  of  dust  and 
moisture,  which  is  of  much  less 
resistance  than  the  glass.     Glass 
insulators  are,  therefore,  made  so 
as  to  give  a  considerable  length 
of   surface  between   the  point  of 
attaching  the  wire  and  the  point  of 
support  of  the  glass.    Fig.  6  shows 
such  an   insulator,   which  is   sup- 
ported by   a  wooden   pin  with  a 
thread  cut  on  the  end,  which  screws 
')  into   the   thread   molded   in   the 
glass  B.    The  wire  being  fastened 
in  the  groove  C,  any  leakage  of 
current  from  the  wire  must  pass  over  the  surface  of  the 
glass  from   C  to  the   supporting  pin.     The  length  of  this 
surface  is  materially  increased  by  the  groove  A.    This  form 
of  insulator  is  known  as  a  peitkoai  insulator. 

The  insulation  resistance  of  one  of  these  insulators  is,  of 
course,  very  high,  even  if  considerable  moisture  is  present, 
but  as  in  a  long  line  strung  on  these  insulators  the  insulation 
resistances  are  all  in  multiple,  the  total  insulation  resistance  of 
the  line  may  be  low. 


TANGENT-«AI,VANOMETER    1 

15.  Fig.  7  shows  the  principle  of  a  method  of  measuring 
the  approximate  insulation  resistance  of  a  line  L,  in  which  G 
is  a  galvanometer,  B  a  battery,  and  R  a  known  resistance, 
which  should  be  high,   say   10,000  ohms.     A'  is  a  key  or 
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switch,  which,  when  contact  is  made  with  terminal  by  con- 
nects the  resistance  R  tlirough  the  galvanometer  to  the 
battery  B\  when  contact  is  made  to  the  terminal  a,  the  battery 
is  connected  to  the  earth  by  the  earth  plate  E,  which  may 
be  a  metal  plate  buried  in  moist  earth,  or  the  wire  may  be 
attached  to  a  water  or  gas  pipe,  which,  being  buried  in  the 
earth,  makes  an  excellent  earth  connection. 

By  connecting  the  battery  to  the  resistance  R  by  means 
of  the  switch  A',  the  needle  of  the  galvanometer  will  be 
deflected  a  certain  amount,  which  should  be  noted.  Then, 
on  connecting  the  battery  to  the  earth  plate  E^  the  circuit 
will  be  completed  through  the  insulation  resistance  between 
the  line  L  and  the  earth.  The  current  flowing  from  the 
battery  to  the  various  insulators,  over  the  insulators  and 
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poles  to  the  ground  will  again  produce  a  deflection  of  the 
galvanometer  needle.  The  currents  that  flow  through  the 
known  resistance  R  and  the  insulation  resistance  of  the  line  L 
will  be  inversely  proportional  to  those  resistances;  so, 
knowing  the  ratio  of  the  currents  and  the  resistance  /?,  the 
insulation  resistance  of  the  line  may  be  calculated. 

If  a  tangent  galvanometer  be  used,  the  resistances  will  be 
inversely  proportional  to  the  tangents  of  the  angles  of  deflec- 
tion; that  is, 

R  :  tan  dJ"  =  AT :  tan  rf° 


where  R 
•      X 


dJ"  = 


known  resistance; 

insulation  resistance; 

angle  of  deflection  when  R  is  in  circuit; 

angle  of  deflection  when  X  is  in  circuit. 
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From  the  foregoing  proportion, 

^=^*f         (10) 

ExAMPLB  1. — The  known  resistance  is  10,000  ohms;  the  deflection  of 
the  galvanometer  when  R  was  in  circuit  was  (jO**;  the  deflection  of  the 
galvanometer  when  the  line  was  in  circuit  was  33°;  what  was  the 
insulation  resistance  of  the  line  in  ohms? 

Solution.— Tan  (P  =  1.732;    tan  dj"  =  .649;  R  =  10,000;  therefore, 

^     10,000  X  1.732      o«  ^nA    u  1        A 

Jf  ss  ---'  —        ss  26,700  ohms,  nearly.    Ans. 

As  the  number  of  paths  for  the  current  through  the 
insulation  increases  with  the  length  of  the  line,  the  insulation 
resistance  of  the  line  decreases  as  the  length  of  the  line 
increases;  so  the  total  insulation  resistance  multiplied  by 
the  length  of  the  line  gives  the  insulation  resistance  per  unit 
of  length.  The  usual  unit  of  length  for  overhead  telegraph 
and  telephone  lines  is  1  mile. 

Example  2. — What  is  the  insulation  resistance  per  mile  in  the 
above  example  if  the  line  is:     (a)  7.5  miles  long?     {hi)  \  mile  long? 

Solution. — (a)  26,700  X  7.5  =  200,250  ohms,  or  .2  megohm,  prac- 
tically,    (b)  26,700  X  i  =  13,350  ohms.    Ans. 

For  ordinary  telegraph  and  telephone  work  200,000  meg- 
ohms per  mile  is  about  the  insulation  resistance  required. 

This  method  of  testing  requires  a  sensitive  galvanometer 
of  fairly  low  resistance,  and  gives  approximately  precise 
results  for  resistances  not  exceeding  about  30,000  ohms. 


WHEATSTONE    BRIDGE    METHOD 

16«  Another  method  of  measuring  insulation  resistance 
is  to  make  this  resistance  one  arm  of  a  Wheatstone  bridge, 
as  represented  in"  Fig.  8.  By  making  the  resistance  of  M 
great  in  proportion  to  N,  resistances  as  high  as  2,000,000 
ohms  may  be  measured  with  a  bridge  as  ordinarily  arranged. 

The  method  described" under  High  Resistances  by  Wheat- 
stone  Bridge  may  sometimes  be  used  to  measure  the  insula- 
tion resistance  when  it  is  too  high  to  be  measured  in  this 
ordinary  way.     The  known,  or  previously  measured,  high 
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resistance  is  connected  from  c  to  d  (see  Fig.  8)  and  one 
end  of  the  line  wire  is  joined  to  c  when  measuringf  the  joint 
resistance  in  parallel  of  the  insulation  and  the  higfh  resistance. 

17.  Kliminatlon  of  Earth  Currents. — Earth  currents 
will  often  render  measurements  of  resistances,  where  the 
ground  is  used  as  a  part  of  the  circuit,  as  in  the  last  measure- 
ment, very  unreliable.  They  may  oppose  or  aid  the  testing 
current.  When  the  earth  currents  are  fairly  steady,  their 
effect  may  be  eliminated  by  making  a  measurement,  then 
reversing  the  battery  and  making  another  measurement.  In 
this  case  the  battery  and  galvanometer  keys  are  closed  in 
the  order  named.  This  is  the  ordinary  procedure  and  is 
known  as   balancing:   to  a   true,   or  scale,   zero.     The 
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average  of  the  two  measurements  may  be  taken  as  the 
value  of  the  resistance  measured,  but  the  geometric  mean 
seems  to  give  a  more  accurate  result.  That  is,  if  ^i  is  the 
result  of  one  balance  and  /?,  the  result  of  another  for  which 
the  battery  has  been  reversed,  then  the  most  correct  value  is 

J^  =  V^i  X  ^«,  provided  /?,  and  /?,  do  not  differ  very  much. 
For  good  results  I  the  earth  current  should  not  only  be  steady 
but  it  should  also  be  small  compared  with  the  testing 
current. 

Another  way,  known  as  balancingr  to  a  false  zero,  is  to 
close  the  galvanometer  key  first.  If  earth  or  other  currents 
are  present,  a  deflection  will  be  obtained;  this  deflection 
is  known  as  the  /a/se  zero.     Then  balance  the  bridge  to  this 
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false  zero  by  adjusting^  the  rheostat  arm  with  the  galva- 
nometer key  closed,  until  no  change  is  produced  in  the 
galvanometer  deflection  when  the  battery  key  is  closed.  This 
procedure  is  not  very  practical  if  there  is  sufficient  inductance 
or  capacity  in  any  of  the  four  arms  of  the  bridge  to  produce 
a  confusing  momentary  kick  of  the  galvanometer  when  the 
battery  key  is  closed.  Similar  kicks  are  sometimes  due  to 
the  direct  action  of  a  magnetic  field  produced  by  a  coil 
whose  resistance  is  being  measured  because  the  coil  has 
been  placed  too  near  the  galvanometer. 

18.  The  wire  used  for  electric-light  and  power  circuits 
is,  except  in  special  cases,  covered  with  insulation  instead  of 
being  bare.  This  insulation  must  not  only  have  a  high 
specific  resistance,  but  it  must  be  able  to  meet  various  other 
requirements.  For  overhead  electric-light  and  power  cir- 
cuits, for  example,  the  insula- 
jf0^^^5^^.=^-  _^-^--^^--^-^'''^  tioJ^  ^^  the  wire  must  stand 
yl  Tv-^^^^^^^^^^^  ^®  abrasion  of  tree  branches, 
Vl^^^^^^^^^f  etc.,  be  reasonably  fireproof 

^^"  and    waterproof,    able    to 

withstand  the  action  of  the 
weather,  and  flexible  enough  to  allow  the  wire  to  be  reeled 
or  strung  in  place  without  injury  to  the  insulation. 

It  is  obvious  that  many  substances  of  high  specific  resist- 
ance, such  as  glass  or  porcelain,  will  not  fill  some  of  the 
above  conditions.  In  fact,  there  is  scarcely  any  one  sub- 
stance that  will  answer.  The  best  grades  of  insulated  wire 
are  usually  made  with  a  layer  of  rubber,  or  some  compound 
composed  largely  of  rubber,  surrounding  the  wire,  and  pro- 
tected by  an  additional  covering  of  braided  cotton  or  simi- 
lar material,  soaked  in  some  reasonably  fireproof  and 
weather-proof  compound.  Cables  are  now  extensively  used 
in  all  kinds  of  electrical  work.  They  consist  of  one  or  more 
conductors,  insulated  and  then  enclosed  in  a  protecting 
sheath  of  lead  or  by  an  armor  of  iron  or  steel  wire  or  ribbon. 

In  order  to  thoroughly  test  the  insulation  resistance,  con- 
tact should  be  made  with  the  whole   outer  surface  of  the 
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insulation.  This  is  best  done  by  immersing  the  wire  in  a 
metallic  tank  of  water,  slightly  salted  to  make  it  conducting, 
as  shown  in  Fig.  9.  For  testing  insulated  wires,  a  copper 
or  copper-lined  tank  is  preferable,  but  for  lead-covered 
cables  a  lead-lined  or  iron  tank  is  generally  used.  The 
insulation  resistance  is  measured  between  the  water  sur- 
rounding the  wire  and  the  wire  itself;  that  is,  between  a  b. 
Connection  with  the  water  is  made  by  a  binding  post  attached 
to  the  metal  tank;  if  the  tank  be  glass,  wood,  or  china, 
a  metal  plate  dipping  in  the  water  is  used.  A  long  piece  of 
wire  prepared  for  test  in  this  way  will  have  a  large  area  of 
insulating  material  between  two  conducting  bodies;  i.  e., 
between  the  wire  and  the  water.  Consequently,  a  long  cable 
or  insulated  wire  possesses  electrostatic  capacity  as  well  as 
conductor  and  insulation  resistance.  Both  the  resistance 
of  the  conductor  and  the  capacity  increase  as  the  length  of 
the  cable  or  wire  increases,  but  the  insulation  resistance 
decreases  as  the  length  increases. 

In  testing  the  insulation  resistance  of  long  pieces  of  wire 
in  water,  its  capacity  may  interfere  materially  with  readings, 
especially  if  the  Wheatstone  bridge  method  is  used.  With 
some  other  methods  of  testing,  however,  it  is  usually  suffi- 
cient to  wait,  after  closing  the  circuit  until  the  current  has 
become  reasonably  steady  before  taking  readings.  Where 
the  surface  area  of  the  insulation  is  small,  as  when  only  a 
short  length  is  being  tested,  the  electrification  is  hardly 
perceptible  and  ordinarily  will  have  no  effect  on  the  read- 
ings, even  if  a  bridge  be  used. 


DIRECT-DEFLECTION    METHOD 

19.  In  making  insulation  tests  the  methods  already  out- 
lined may  be  followed  in  some  cases,  but  the  method  known 
as  the  direct-deflection  method  is  the  one  most  generally 
used  in  practical  work.  It  is  suitable  for  measuring  resist- 
ances from  about  1  megohm  up  to  about  90,000  megohms. 

For  tests  of  extreme  accuracy,  the  Thomson  galvanometer 
is  best  suited,  but  the  use  of  this  instrument  is  attended 
with  many  difficulties  that  render  it  unfit  for  many  forms  of 
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practical  work.  The  D'Arsonval  galvanometer  is  sensitive 
enough  for  nearly  all  practical  work.  The  Ayrton,  or 
universal,  shunt  is  the  most  desirable  form  of  galvanometer 
shunt,  although  the  ordinary  form  is  still  considerably  used. 
The  shunt,  in  any  case,  should  preferably  have  multiplying 
values  of  10,  100,  and  1,000. 

It  is  customary,  in  using  the  direct-deflection  method  of 
measuring  insulation  resistance,  to  first  obtain  the  deflection 
through  a  known  resistance,  using  a  suitable  known  shunt 
around  the  galvanometer,  with  the  given  battery,  and  from  it 
to  calculate  the  deflection,  in  scale  divisions,  that  would  be 
produced  were  the  entire  current  of  the  same  battery  to  pass 

through  the  galvanometer 
and  a  resistance  of  1  meg- 
ohm; this  latter  quantity 
is  called  the  constant  of  the 
galvanometer.  After  the 
constant  is  obtained, 
the  deflection  is  taken  with 
the  insulation  resistance 
of  the  line  or  cable  sub- 
stituted for  the  known 
resistance.  In  taking  the 
galvanometer  constant,  it 
is  usually  necessary  to  use  the  shunt  having  a  multiplying 
power  of  1 ,000  ( sometimes  called  the  vir  shunt) ,  for  otherwise 
the  deflection  will  usually  be  so  large  as  to  go  off  the  scale. 
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20.  Taking:  the  Constant. — The  circuit  for  determin- 
ing the  galvanometer  constant  is  shown  in  Fig.  10,  where  G 
is  the  galvanometer;  S,  the  shunt;  B^  a  battery  of  50  or  100 
cells;  and  /?,  a  standard  resistance — for  instance,  100,000 
ohms;  i.  e.,  iV  megohm.  On  closing  the  key  K^  a  certain 
deflection  d  will  be  noted  in  the  galvanometer.  If  the  shimt 
used  has  a  multiplying  power  of  1,000,  it  is  evident  that  with- 
out the  shunt  the  deflection  would  have  been  1,000  times  as 
large,  could  it  have  been  measured.  Further,  if  a  resistance 
of  1  megohm  had  been  used  instead  of  iV  megohm,  the 
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deflection  would  have  been  only  one-tenth  of  d.  Therefore, 
we  may  say  that  the  deflection  K  produced  by  the  cur- 
rent from  the  battery,  passing  through  1  megohm  and 
through  the  galvanometer,  without  the  shunt,  would  have 
been  A"  =  tV  X  1,000  X  d. 

If  m  represents  the  multiplying  power  of  the  shunt,  d  the 
deflection,  and  R  the  resistance  expressed  in  megohms,  then 
the  constant  K  may  be  expressed  by  the  formula 

K  ^  Rmd  (11) 

The  following  general  rule,  therefore,  may  be  given  for 
calculating  the  constant: 

Rule. — Multiply  the  deflection  by  the  multiplying  power  of 
the  shunt  and  by  the  resistance  in  the  standard  resistance  box^ 
expressed  in  megohms  or  a  fraction  thereof. 

Example. — In  taking  a  constant,  a  iij-megohm  box  was  used  and  a 
deflection  obtained  of  247  scale  divisions,  the  multiplying  power  of  the 
shunt  being  1,000.     What  was  the  constant? 

Solution.—       tV  X  1,000  X  247  =  24,700.    Ans. 

As  the  standard  high  resistance  possesses  practically  no 
electrostatic  capacity  or  absorption,  the  deflection  becomes 
steady  very  quickly. 

21.  Deflection  Througrli  Insnlatlon. — After  taking 
the  constant,  the  material  whose  insulation  resistance  is  to 
be  determined,  say  a 
cable  or  line,  is  substi- 
tuted for  the  standard 
resistance,  the  connec- 
tions being  then  sub- 
stantially those  shown  in 
Fig.  11.  In  the  case  of 
telephone  and  telegraph 
cables  all  the  w^ires  of 
the  cable,  except  the  one 
being  measured,  should  be  bunched  together  and  connected 
with  the  sheath,  the  sheath  itself  being  grounded.  At  the  start 
use,  as  a  precaution,  a  small  shunt,  the  one  whose  multiplying 
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power  is  1,000  or  100,  and  increase  the  resistance  of  this 
shunt  until  a  suitable  deflection  is  obtained.  If  the  insula- 
tion resistance  is  rather  high,  usually  the  hig^hest  shunt  in  an 
Ayrton  shunt  or  no  shunt  (that  is,  a  shunt  of  infinite  resist- 
ance) in  the  ordinary  sHunt  will  be  required.  On  closing 
the  key,  a  certain  deflection  of  the  galvanometer  will  be 
obtained  at  once,  but  this  deflection,  instead  of  remaining 
constant  as  it  did  with  the  circuits  shown  in  Fig.  10,  will 
be  seen  to  slowly  diminish  on  account  of  the  absorption  or 
eleciriiicaiion  of  the  cable,  as  it  is  sometimes  called.  This 
would  seem  to  indicate  that  the  insulation  resistance  of  the 
cable  was  increasing.  On  account  of  the  first  rush  of  cur- 
rent, when  the  battery  circuit  is  closed,  it  is  necessary  in 
insulation  tests  by  the  direct-deflection  method  to  use  a  key 
that  normally  short-circuits  the  galvanometer,  the  key  being 
only  opened  when  the  current  has  settled  down  to  a  steady 
value.  (Such  a  key  is  shown  properly  connected  at  K  in 
Fig.  13.)  If  the  insulation  resistance  of  a  cable  is  good  the 
deflection  will  be  found  to  steadily  decrease,  tending  even- 
tually to  a  constant  value.  After  about  2  minute,  on  a  short 
length  of  ordinary  telephone  cable,  the  electrification  will 
practically  have  ceased;  but  in  determining  the  insulation 
resistance  of  nearly  all,  except  submarine,  cables  it  is  cus- 
tomary to  allow  1  minute  for  electrification,  after  which  the 
reading  is  taken.  This  should  be  so  stated  in  the  results  of 
the  test,  thus:  **  Insulation  resistance  per  mile  after  1  min- 
ute's electrification,  400  megohms.*' 

22.  Calculation  of  Insulation  Resistance. — When 
making  insulation  tests  at  the  factory,  the  whole  cable,  except- 
ing the  two  ends,  of  course,  is  submerged  in  a  tank  of  salt 
water.  The  manufacturers  generally  use  as  high  as  200  volts 
in  making  this  test.  This  requires  a  known  resistance  of 
500,000  ohms  (J  megohm)  and  a  galvanometer  shunt  with  a 
multiplying  power  of  about  1,000  in  order  to  obtain  the 
constant  K, 

In  taking  the  deflection  through  the  insulation  resistance,  a 
certain  deflection  at  the  end  of  1  minute  was  observedi  which 
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will  be  called  </',  the  galvanometer  shunt  this  time  beings  one 
whose  multiplying  power  will  be  called  m! .  Without  this 
shunt,  it  is  evident  that  the  deflection  would  have  been  m!  as 
large,  i.  e.,  w'  X  ^^  could  it  have  been  measured  directly.  It 
is  also  evident  that  the  deflections,  if  no  shunts  or  the  same 
shunts  are  used,  will  vary  inversely  as  the  resistance  in  cir- 
cuit with  the  galvanometer,  and,  therefore,  where  X  is  the 
required  insulation  resistance,  the  following  proportion  will 
hold:    X :  \  =  K  :  d'  X  m'.     Solving  for  Xy  we  have 

X^-f~,  (12) 

a'  w 

X=^*  (13) 

*This  is  the  formula  for  computing  the  insulation  resistance  that  is 
generally  used,  but  it  is  not  strictly  accurate  because  the  combined 
resistance  of  the  galvanometer  shunt  and  the  internal  resistance  of  the 
battery  should  be  added  to  that  of  the  known  resistance  and  to  that  of 
the  insulation  resistance,  in  making  the  computations.  However,  the 
error  introduced  by  neglecting  this  is  usually  so  small  that  it  is  gener- 
ally neglected  in  making  ordinary  insulation  tests. 

The  exact  formula  for  calculating  the  insulation  resistance  AT  is  as 
follows : 

In  this  formula  d  is  the  deflection  obtained  through  the  known 

resistance  i?,  and  5"  the  resistance  of  the  galvanometer  shunt  used  in 

obtaining  this  deflection;    d!  is   the   deflection   obtained   through  the 

unknown  insulation  resistance  X^  and  5^  the  resistance  of  the  shunt 

used  in  obtaining  this  deflection;  G  is  the  resistance  of  the  galva- 

G  A-  S 
nometer;  B  the   internal  resistance  of  the  whole  battery;  — ^ —  and 

G  -\-  S! 

— ^ —  are  the  multiplying  powers  of  the  two  shunts  used.    With  the 

ordinary  and  Ayrton  universal  shunt  boxes  the  multiplying  powers  are 
usually  1,  10,  100,  and  1,000,  and  are  marked  on   the   shunt   boxes. 

/^  w   C"  O*  '^   Sf 

7^-  -^  and   ^      ^  are  the  joint  resistances  of  the  galvanometer  and 

G-  -|-  o  Cr  -f-  O 

shunt  in  parallel  when  d  and   d! y  respectively,  are   obtained.     When 

the  Ayrton  shunt  box  is  used  G  includes  not  only  the  galvanometer 

resistance  but  also  that  portion  of  the  shunt  resistance  that  is  directly 

in  series  with  the  galvanometer,  and  Sf  is  the  remainder  of  the  shunt 

resistance,  that  is,  the  portion  across  the  main  circuit.     With  Ayrton 

G  yc  S 
shunts  ^— .— Vi  has  more  nearly  a  constant  value  for  all  vsvlues  of  S 

t#  -f-  o 

th^n  with  the  ordinary  shuQts. 
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Rule. — The  insulation  resistance  is  equal  to  the  constant  of 
the  galvanometer  divided  by  the  product  of  the  multiplying 
power  of  the  second  shunt  used  and  the  deflection  obtained 
through  the  insulation. 

When  the  shunt  resistance  has  an  infinite  value,  that  is, 
when  an  ordinary  shunt  is  entirely  cut  out  of  the  circuit  and 
no  shunt  is,  therefore,  used,  the  value  of  m'  is  1.  In  such 
a  case,  X  would  be  simply  the  constant  K  divided  by  the 
deflection  d^.  In  order  to  determine  the  insulation  resistance 
per  mile,  multiply  the  measured  insulation  resistance  of  the 
cable  by  its  length  expressed  in  miles  or  a  fraction  thereof. 

Example  1. — In  taking  the  constant  of  a  galvanometer  for  an  insu- 
lation test,  a  deflection  of  184  scale  divisions  was  obtained  with  a 
i^s -megohm  box,  and  a  shunt  whose  multiplying  power  was  1,000. 
The  deflections,  taken  through  the  insulation  resistance  of  two  wires, 
one  at  a  time,  in  a  cable  10,123  feet  long,  with  a  shunt  whose  multiply- 
ing power  was  10,  were  as  follows:  19  and  25  scale  divisions,  respect- 
ively.   What  was  the  insulation  resistance  of  each  of  the  wires? 

Solution. — The  constant  of  the  galvanometer  is  equal  to  184  X  1,000 
X  A  =  18,400. 

Insulation  resistance,  first  wire,  ,^\-7-Tq  =  96.84  megohms.    Ans. 

Insulation  resistance,  second  wire,  77; \77ic  =  73.6  megohms.    Ans. 

■  lu  X  ^w 

Example  2.— What  is  the  insulation  resistance  per  mile  of  each  of 

the  wires  in  the  preceding  example? 

10  123 
Solution. — Length  of  cable  =  -n-oen"  ^  1.917  miles. 

Insulation  resistance  per  mile,  first  wire,  96.84  X  1.917  =  185.62 
megohms.    Ans. 

Insulation   resistance  per  mile,  second  wire,  73.6  X  1.917  =  141.1 

megohms.    Ans.  

CAPACITY,  ABSORPTION,  AND  LEAKAGE 

23.  When  one  terminal  of  a  battery  is  connected  to  the 
conductor  of  a  cable  or  insulated  wire  and  the  other  pole  to 
the  sheath  of  the  cable,  or  to  the  water  in  a  tank  in  which 
the  cable  or  insulated  wire  is  immersed,  quite  a  large  momen- 
tary rush  or  charge  of  electricity  will  spread  itself  over  the 
inner  and  outer  surfaces  of  the  insulation,  due  to  the  electro- 
static  capacity  of  the  cable  or  insulated  wire.     (In  order  to 
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avoid  constant  repetition,  the  word  cable  must  hereafter  be 
understood  to  apply  also  to  a  long  piece  of  insulated  wire  or 
anything  that  possesses,  like  a  cable,  some  electrostatic 
capacity,  absorption,  and  leakage.)  Moreover,  the  cable 
has  a  property  called  absorption;  that  is,  the  insulating  mate- 
rial apparently  absorbs  some  of  the  electricity.  The  quantity 
absorbed  by  the  insulation  flows  with  considerable  strength 
at  first,  but  it  gradually  decreases  the  longer  the  E.  M.  F.  is 
applied  to  the  cable;  theoretically,  it  never  becomes  absolutely 
zero.  The  exact  nature  of  this  phenomenon  is  not  known, 
but  it  has  been  held  by  eminent  authority  to  be  due  to  polari- 
zation of  the  insulation.  The  quantity,  that  actually  leaks 
through  the  insulation  into  the  surrounding  lead  sheath  or 
water  will  then  form  a  steady  current  (assuming  that  the 
insulation  is  good  and  that  there  is  no  electrolysis).  Hence, 
the  current  that  first  rushes  into  the  cable  consists  of  three 
parts — that  which  goes  to  charge  the  cable  and  very  quickly 
becomes  zero,  that  which  is  absorbed  by  the  insulating 
material  and  diminishes  gradually  toward  zero,  and  that  which 
leaks  through  the  insulation  because  it  is  not  an  absolutely 
perfect  insulator  and  would  continue,  for  good  insulating 
material,  to  have  the  same  strength  for  a  very  long  time. 

When  the  source  of  E.  M.  F.  is  removed  and  the  cable 
conductor  grounded,  the  current  formerly  used  in  charging 
the  cable  as  a  condenser  and  the  current  absorbed  by  the 
insulation  now  flow  out  in  the  reverse  direction,  but  other- 
wise in  the  same  manner  that  they  flowed  in;  that  is,  the 
current  that  charged  the  cable  as  a  condenser  quickly  rushes 
out  and  that  absorbed  by  the  insulation  flows  out  with  con- 
siderable strength  at  first,  but  gradually  decreases.  There 
now  being  no  outside  E.  M.  F.,  there  will  be  no  true  leakage 
current.  There  may,  however,  be  a  current  due  in  a  long 
cable,  to  a  difference  of  potential  between  two  portions  of 
the  earth's  surface,  or  in  any  defective  cable  to  electrolysis. 

24.  Cliars:e-and-Dlscliarg:e  Curve. — The  process  of 
soaking  in  and  out  proceeds  at  a  continually  decreasing  rate, 
commencing  rapidly  and  gradually  dying  away  along  a  curve 
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like  that  shown  in  Fig.  12.  The  ordinates  of  this  curve 
represent  the  current  flowing  through  one  end  of  a  cable  at 
any  instant  during  an  insulation  test,  and  the  horizontal  axis 
represents  the  time.  The  left-hand  half  of  the  diagram 
represents  the  current  flowing  for  5  minutes  after  connect- 
ing the  battery  to  one  end  of  a  cable  conductor,  and  the 
fight-hand  half  represents  the  current  flowing  for  5  minutes 
after  disconnecting  the  battery  and  grounding  the  same  end 
of  the  cable.  The  left-hand  curve  indicates  how  the  current 
due  to  absorption  is  superimposed  on  that  due  to  leakage  and 
how  the  former  tends  continually  to  diminish  with  time,  and 
finally,  to  leave  only  the  leakage  current,  the  value  of  which 
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is  the  measure  of  the  true  dielectric  resis^-ance  of  the  cable. 
The  right-hand  half  of  the  diagram  shows  that  the  absorbed 
charge  soaks  out  in  the  same  manner  as  it  soaked  in.  The 
difference  between  any  two  corresponding  ordinates  repre- 
sents the  true  leakage  current.  For  instance,  ob  —  a'  V  =  oa\ 
hence,  oa  represents  the  true  leakage  current  from  which  the 
insulation  resistance  may  be  computed. 

In  order  to  get,  especially  on  a  long  submarine  cable,  an 
absolutely  true  value  of  the  leakage  current  oa\i  would  be 
necessary  to  wait  an  indefinitely  long  time  before  taking  a 
reading.  Evidently  this  is  impractical,  but  results  that  are 
satisfactory  in  practice  can  be  obtained  from  the  difference 
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between  two  readings  observed  at  the  end  of  exactly  the 
same  time  intervals  after  connecting  one  end  of  the  cable  to 
the  battery  and  again  after  grounding  the  same  end.  Hence, 
to  obtain  the  value  of  the  true  leakage  current  the  deflections 
are  observed  at  exactly  each  minute,  for,  say,  6  minutes, 
after  connecting  the  battery  to  one  end  of  the  cable  con- 
ductor, and  again  at  exactly  each  minute  for  5  minutes  after 
disconnecting  the  battery  and  grounding  the  same  end  of 
the  cable.  For  instance,  the  difference  between  the  deflec- 
tions observed  after  1  minute  of  charge  and  after  1  minute 
of  discharge,  should  be  very  nearly  equal  to  the  deflection 
due  to  the  leakage  current  only,  and  hence  cd  —  c' d'  =  oa. 
If  there  is  no  earth  current  and  the  progress  of  absorption 
has  been  steady,  the  difference  between  any  two  corre- 
sponding readings  should  be  approximately  constant.  Very 
smooth  and  symmetrical  absorption  is  exhibited  by  only  a 
practically  perfect  cable  and  such  a  cable  would  probably  have 
a  resistance  too  high  to  be  measured  by  the  direct-deflection 
method.  The  variation  of  the  earth  current  would  also  inter- 
fere with  a  smooth  absorption  curve  in  submarine  cables. 

Though  the  actual  insulation  resistance  of  the  cable  may 
change  from  day  to  day,  the  constant  relation  between  the 
charge  and  discharge  pairs  has  been  found  to  always  exist  if 
the  cable  is  in  good  condition,  while  in  imperfect  cables  the 
relation  is  very  jerky  and  irregular.  A  simple  taking  of  the 
deflections  and  the  comparisons  of  their  values  is,  hence, 
just  as  good  and  better  in  the  case  of  cables  that  are  tested 
daily,  than  the  working  out  of  the  actual  value  of  the  insula- 
tion resistance,  for  a  comparison  of  charge  and  discharge 
deflections  themselves  shows  whether  the  absorption  has  been 
uniform  or  regular.  Where  there  is  any  appreciable  absorp- 
tion the  insulation  resistance  should  be  calculated  from  the 
last  charge  deflection,  or  from  the  difference  between  charge 
and  discharge  readings  for  corresponding  intervals  of  time. 

25.  Preparation  of  the  Kiids  of  Insulated  C'outluot- 
ors. — More  leakage  is  apt  to  occur  from  the  ends  of  the  core 
of  a  cable  by  conduction  over  the  surface  of  the  insulating 
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material  from  the  sheath  to  the  core,  especially  if  this 
surface  is  damp  and  dirty,  than  by  conduction  throughout 
miles  of  the  dielectric.  To  reduce  this  leakage,  the  dielectric 
should  be  pared  down  with  a  clean  knife,  should  be  kept  dry, 
and  should  not  be  touched  during  or  after  trimming.  In  case 
the  distant  end  is  not  easy  of  access  and  it  is  liable  to  be 
disturbed,  a  very  useful  plan  with  cables  insulated  with  gutta 
percha,  rubber,  and  compounds  is  to  seal  the  end;  that  is, 
heat  and  draw  the  insulating  material  completely  over  it, 
adding  a  coating  of  compound.  This  cannot  be  done  if  paper 
or  fiber  constitutes  part  of  the  insulating  material,  but  in  that 
case  the  end  may  be  dipped  several  times  in  melted  paraffin 
wax  or  compound.  Some  recommend  that  the  free  ends  of 
rubber-insulated  and  all  submarine  cables  should  be  bared  of 
the  outer  insulation  down  to  the  rubber  for  a  space  of  about 
22  inches,  and  the  rubber  itself  tapered  with  a  clean,  sharp 
knife  for  a  length  of  about  1  i  inches  from  the  end.  A  piece 
of  wire  for  connecting  purposes  should  then  be  soldered  or 
otherwise  firmly  fastened  to  one  or  both  ends  of  the  con- 
ductor, and  the  ends  finally  coated  three  or  four  times  with 
clean,  melted  paraffin  for  about  Si  inches  from  the  end.  The 
paraffin  should  not  be  heated  above  the  temperature  of  the 
boiling  point  of  water,  which  can  be  done  by  placing  the  can 
of  paraffin  inside  one  of  boiling  water.  For  if  the  wax  is 
melted  over  a  flame  it  may  bum  and  its  insulation  properties 
be  partially  destroyed.  The  coating  of  the  ends  in  this 
manner  is  said  to  prevent  end  leakage  and  may  be  used  in 
both  insulation  and  capacity  tests. 

Cables  containing  two  or  more  separate  conductors,  such 
as  telephone  and  telegraph  cables,  should  have  all  the  con- 
ductors at  the  distant  end  spread  out  so  that  each  conductor 
is  separated  and  well  insulated  from  every  other  conductor. 

The  ends  of  insulated  wire  may  be  prepared  by  carefully 
trimming  with  a  sharp,  clean  knife,  much  as  a  pencil  is  sharp- 
ened, but  with  a  much  longer  taper.  Avoid  touching  it  and 
keep  it  dry  and  clean.  No  coating  of  any  kind  is  necessary. 
The  two  ends  of  the  conductor  should  project  at  least  2  feet 
out  of  the  water   in  which  the  coil  of  wire  is  placed  for 
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testing,  and  should  be  connected  together.  The  water 
should  be  slightly  salted  to  reduce  its  resistance  and  if 
possible  its  temperature  should  be  nearly  75"  F.,  which  is 
the  standard  testing  temperature. 

26.  Price's  Guard  Rln^. — Errors  due  to  surface  leak- 
age over  the  ends  of  a  cable  to  the  conductor  may  be  elimi- 
nated almost  completely  when  making  insulation  tests  by 
the  use  of  Price's  truard  rinK.  Price's  method  consists, 
as  shown  in  Fig.  13,  in  wrapping  a  thin,  copper,  guard  wire  V 
two  or  three  times  around  the  long,  clean  tapered  surface  of 
the  insulation  at  the  ends  over  which  the  current  is  apt  to 


leak.  This  guard  wire  is  connected  to  some  point  between 
the  galvanometer  and  battery.  From  inspection  of  the 
figure  it  will  be  seen  that  the  current  leaking  over  the 
tapered-end  surface  of  the  cable  is  shunted  around  the  galva- 
nometer; hence,  the  deflection  of  the  latter  is  not  increased 
by  the  leakage  over  the  ends  of  the  cable. 

27.  Construction  ol  a  HIf;;li  Resistance. — If  a  high 
resistance  is  not  at  hand,  one  may  be  readily  made  for 
temporary  use  by  marking  with  a  soft  pencil  on  a  strip  of 
ground  glass.  Clamp,  or  otherwise  securely  fasten,  pieces 
of  tin-foil,  to  which  are  soldered  connecting  wires,  to  the 
ends  of  the  glass  strip  so  as  to  make  contact  with  the  pencil 
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marks;  then  connect  the  pencil  marks  by  means  of  the  tin- 
foil and  connecting  wires  to  the  proper  binding  posts  and 
measure  its  resistance,  adding  or  removing  a  small  amount 
of  graphite  until  about  the  desired  value  is  secured.  Then 
place  another  piece  of  glass  of  equal  size  on  top  of  the  first 
and  finnly  bind  and  seal  the  two  together,  in  order  to  keep 
out  air  and  moisture  and  to  prevent  any  relative  move- 
ment of  the  tin-foil  terminals  and  glass  strips. 


PRACTICAL.    CONNECTIONS    FOR    DIRECT-DEFLJCCTION 

METHOD 

28,  A  complete  and  practical  diagram  of  connections  to 
be  used  in  the  direct-deflection  method  of  measuring  insula- 
tion resistance  is  shown  in  Fig.  14.  G  represents  a  sensitive 
reflecting  galvanometer,  preferably  a  good  D'Arsonval. 
A',  which  is  a  short-circuiting,  or  normally  closed,  key,  is 
connected  across  the  galvanometer  terminals  to  protect  the 
galvanometer  from  a  sudden  rush  of  current  when  charging 
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or  discharging  or  when  a  low  resistance  is  imexpectedly 
encountered.  5  is  a  galvanometer  shunt,  preferably  an 
Ayrton  shunt,  which  has  already  been  explained.  One 
reversing  switch  D  is  used  in  the  battery  circuit  and 
another  A  in  the  galvanometer  circuit — the  former  for 
reversing  the  direction  of  the  current  in  the  whole  circuit 
and  the  latter  for  reversing  the  direction  of  the  current 
through  the  galvanometer  only. 
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The  short-circuiting  key  and  galvanometer-reversing  switch 
used  in  this  test  should  have  their  various  metal  parts 
highly  insulated.  Sometimes  a  short-circuiting  key,  a  dis- 
charge key  for  use  in  capacity  tests,  and  a  reversing  switch 
are  combined  in  one  device,  called  a  combijiation  cable-testing 
key.  This  makes  a  very  convenient  but  rather  a  complicated 
and  expensive  key.  i^  is  a  iV-,  2-,  or  1-megohm  resistance 
box,  preferably  an  adjustable  1-megohm  box,  and  F  a  con- 
venient arrangement  whereby  either  the  cable  or  the  high 
resistance  R  may  be  connected  to  the  testing  circuit.  If 
used,  /^  must  be^very  highly  insulated  and  is  usually  made  of 
brass  pieces  mounted  on  good  hard  rubber  or  fiber,  some- 
times on  pillars  of  this  material. 

A  preliminary  test,  to  determine  if  the  insulation  resist- 
ance is  high  enough  to  measure  by  the  direct-deflection 
method,  may  be  made  by  placing  the  shunt  switch  on  the 
ToW  point,  and  a  plug  in  hole  w,  closing  the  reversing 
switch  Z?,  so  as  to  connect  the  zinc  or  negative  tern;inal  of 
the  battery  to  the  conductor,  and  also  closing  the  switch  A. 
The  zinc,  or  negative,  terminal  of  the  battery  is  connected 
to  the  cable  conductor,  so  that  current  will  flow  from  the 
water  to  the  conductor  in  order  to  secure  maximum  leakage. 
According  to  Prof.  S.  W.  Holman,  this  maximum  leakage  is 
probably  due  to  the  deposition  of  * 'metallic  copper  on  the 
conductor  at  the  break,  thus  gradually  making  a  fault  bare 
and  reducing  its  resistance  to  a  minimum,  after  which  free 
hydrogen  may  accumulate  and  increase  the  apparent  resist- 
ance. When  the  current  flows  in  the  opposite  direction,  a 
coating  of  chlorides  and  oxides  is  probably  formed  at  the 
fault  and  their  comparatively  high  resistance  tends  to  partly 
seal  up  the  fault.  Much  polarization  causes  irregularities  in 
the  flow  of  current  and  indicates  a  very  faulty  insulation.'' 

Having  made  the  proper  connections,  cautiously  depress 
the  key  K.  If  the  deflection  remains  off  the  scale  after 
waiting  a  reasonable  time,  which  will  depend  on  what  is 
being  tested,  the  insulation  resistance  is  quite  low,  probably 
too  low  to  test  in  this  manner.  However,  by  reducing  the 
number  of  cells  in  the  battery  or  waiting  until  the  flow  of 
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current  due  to  absorption  is  over  it  may  be  possible  to  keep 
the  deflection  on  the  scale.  If  there  is  no  deflection  when  K 
is  depressed,  move  the  shunt  switch,  step  by  step,  toward 
the  point  1  to  see  if  a  deflection  can  be  obtained.  If  there 
is  a  deflection  put  the  shunt  switch  in  such  a  position  as  to 
give  a  good,  readable  deflection.  If  this  preliminary  test  is 
made  the  cable  must  be  thoroughly  discharged  by  opening 
D  and  putting  plugs  in  both  holes  m  and  n  and  all  the  plugs 
in  R  for  at  least  a  little  longer  time  than  the  battery  was 
connected  to  the  conductor. 

29.  To  make  the  test  it  is  customary  to  first  obtain  the 
constant  of  the  apparatus.  To  do  this  remove  the  plug  at »«, 
allowing  the  plug  at  n  to  remain,  and  close  A  and  D  in 
such  positions  as  to  get  the  deflection  on  the  same  side  of 
the  zero  as  when  the  insulation  to  be  measured  is  in  circuit. 
Cautiously  depress  the  key  K  and  note  the  deflection.  If 
this  deflection  is  not  somewhere  near  that  obtained  in  the 
preliminary  test,  adjust,  if  possible,  either  R  or  5,  or  both, 
until  it  is.  After  the  deflection  becomes  steady,  write  it 
down.  Then  reverse  D  and  A  so  as  to  keep  the  deflection 
on  the  same  side  of  the  zero  position  and  obtain  a  second 
deflection.  The  average  of  these  two  readings,  both  of 
which  should  be  recorded,  will  be  d^  the  galvanometer 
deflection  obtained  through  the  known  resistance  R.  Write 
down  also  the  resistance,  or  position,  of  the  shunt  switch  or 
plugs  and  the  value  of  the  known  resistance  R,  Now  open 
D  and  put  plugs  in  m  and  n  in  order  to  thoroughly  discharge 
the  cable.  Then  remove  the  plug  at  «,  connect  ^  to  ^  (in 
order  not  to  include  the  battery),  close  A^  and  cautiously 
open  K\  if  the  galvanometer  deflection  fails  to  decrease  to 
zero  within  5  or  10  minutes,  except  perhaps  for  a  long  sub- 
marine cable  which  may  require  more  time,  or  if  the  deflec- 
tion is  large  and  irregular,  the  trouble  is  probably  due  to 
imperfections — such  as  minute  perforations  through  which 
the  water  penetrates.  In  such  a  case  the  insulation  is 
very  poor  and  a  further  test  is  scarcely  necessary.  This 
preliminary  discharge  test  should  never  be  omitted,  as  the 
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existence  of  a  charge  may  introduce  a  serious  error  in  later 
observations.  It  may  require  several  hours  for  the  deflec- 
tions to  become  constant  in  the  case  of  very  long  submarine 
cables. 

To  measure  the  leakage  current,  place  a  plug  in  hole  m 
only,  close  A,  and  with  the  second  hand  of  a  watch  exactly 
at  the  minute,  close  the  switch  D,  so  as  to  connect  the 
negative  terminal  of  the  battery  to  the  conductor  of  the 
cable  and  note  the  time.  After  about  10  or  15  seconds, 
open  K  and  endeavor  to  get  the  deflection  steady,  adjusting 
the  shunt  if  necessary  to  obtain  a  suitable  deflection,  and 
read  the  deflection  exactly  at  the  minute.  Thus,  1  minute 
has  elap"sed,  during  which  time  the  cable  conductor  has  had 
time  to  become  charged  and  the  deflection  more  nearly 
measures  the  leaking  current.  After  depressing  the  key  K 
the  deflection  will  diminish,  the  rate  at  which  it  diminishes 
depending  on  the  amount  and  quality  of  the  insulating  mate- 
rial. One  minute  is  the  time  generally  allowed  for  the  charge 
to  soak  into  ordinary  land  cables,  insulated  wires^  and  over- 
head lines,  although  it  is  well  to  record  readings  at  each 
minute  for  5  or  more  minutes.  If  the  deflection  still  contin- 
ues to  decrease  the  1-minute  reading  is  usually  taken,  never- 
theless, and  used  in  calculating  the  insulation  resistance. 
[Discharge  readings  may  be  obtained  in  the  following  man- 
ner: Exactly  on  the  minute  open  D,  reverse  ^  (so  as  to 
get  deflections  on  the  same  side  of  the  scale) ,  and  connect 
c  to  b.  At  the  end  of  each  minute,  for  5  minutes  or  more, 
note  the  discharge  deflections.] 

The  cable  should  be  discharged  by  connecting  it  directly 
to  the  ground  by  inserting  plugs  at  m  and  n  and  all  plugs 
in  R  for  several  minutes.  A  deflection  should  now  be 
obtained  at  the  end  of  1  minute  (or  preferably  at  the  end  of 
each  minute  for  5  or  more  minutes)  with  the  opposite 
(positive)  pole  of  the  battery  connected  to  the  conductor. 
To  do  this  and  to  keep  the  galvanometer  deflection  on  the 
same  side  of  the  zero  position  as  before,  which  is  rather 
preferable,  close  D  so  as  to  connect  a  to  c  and  b  to  d  and 
close  A  so  as  to  connect  ^  to  /  and  g  to  h.     (Discharge 


34       ELECTRICAL  MEASUREMENTS       §9 

readings  may  be  obtained,  if  desired,  as  before  by  opening  Z?, 
rev^ersing  Ay  and  connecting  c  to  b,) 

The  average  insulation  resistance  of  the  cable  is  usually 
considered  to  be  the  average  result  obtained  with  both 
positive  and  negative  poles  of  the  battery  connected  to  the 
conductor  and  is  computed  from  the  average  deflection  after 
a  charge  of  1  minute.     Some  prefer  to  use  the  mean  of  four 

deflections  for  both  d  and  cP  in  the  formula  X  =  — -— -. 

m'  d^ 

The  four  deflections  in  each  case  are  obtained  by  taking  two 

readings,   one  on  each  side   of   the    scale,  with   D   in   one 

position,    which   is   done   by    merely   reversing  A   for   the 

second  reading;    and  similarly  two  more  readings  with  D 

reversed  in  position.   Thus,  one  deflection  is  obtained  on  each 

side  of  the  scale  for  each  direction  of  the  current  through 

the  insulation  and  also  through  the  known  resistance. 

30.  Trolley  currents  frequently  cause  trouble  in  this 
test.  If  the  trolley  current  is  fairly  steady  the  error  that 
would  otherwise  produce  inaccurate  results  is  eliminated  by 
reversing  the  battery  as  directed.  In  one  position  of  the 
battery  reversing  switch  Z?,  the  trolley  current  augments 
the  battery  current;  whereas,  in  the  other  position  of  D,  the 
trolley  current  diminishes  the  battery  current,  and  the  deflec- 
tions are  therefore  diminished  in  one  direction  as  much  as 
they  are  increased  in  the  opposite  direction  by  the  trolley 
current.  If  the  trolley  current  is  so  unsteady  as  to  cause 
jerky  or  irregular  deflections,  then  only  approximately  cor- 
rect results  can  be  obtained,  and  there  is  no  remedy  except 
possibly  to  make  the  test  at  night,  when  no  cars  are  running. 

31.  Earth  Currents. — The  presence  of  an  earth, 
or  electrolytic,  current  may  be  detected  by  connecting  the 
cable  conductor  directly  through  a  galvanometer  to  the 
ground.  If  the  cable  has  previously  been  thoroughly  dis- 
charged, a  small,  steady  deflection  w411  indicate  an  earth 
current.  In  order  to  obtain  a  deflection  due  to  the  earth 
current  that  can  be  directly  used  in  correcting  the  deflection 
due  to  the  combined   leakage  and  earth  current,  the  same 
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galvanometer  shunt  should  be  used  in  both  cases,  or  else  the 
earth-current  deflection,  if  obtained  without  any  galvanom- 
eter shunt,  must  be  divided  by  the  multiplying  power  of 
the  shunt  used  in  observing  the  combined  leakage  and  earth- 
current  deflection.  The  deflection  due  to  the  earth  current 
should  be  subtracted  or  added  to  the  combined  leakage 
and  earth-current  deflection,  according  as  to  whether  the 
deflection  due  to  the  earth  current  is  in  the  same  or  reverse 
direction,  respectively,  to  the  deflection  due  to  the  combined 
leakage  and  earth  current. 

When,  as  sometimes  occurs  on  long  submarine  cables, 
earth  currents  prevent  the  deflections  from  becoming  steady 
and  regular,  it  is  well  to  take  a  reading  15  seconds  before 
and  after  the  minute  as  well  as  at  the  minute,  the  average  of 
these  three  readings  being  considered  as  the  minute  reading. 
On  land  cables  there  is  not  apt  to  be  an  appreciable  earth 
current  unless  it  is  from  a  street-railway  circuit. 

When  a  test  is  being  made  on  1,000  or  2,000  miles  of 
submarine  cable  or  on  any  long  cable  or  insulated  wire 
for  which  a  complete  and  thorough  study  of  the  behavior  of 
the  insulation  is  required,  deflections  should  be  observed  at 
the  end  of  the  second  minute,  and  so  on  until  the  rate  of 
absorption  becomes  so  slow  that  a  minute  causes,  practically, 
no  further  decrease  in  the  deflection.  Five  minutes  is  a 
good  average  duration  for  tests  of  long  cables  and  long  insu- 
lated wires,  but  for  special  tests  observations  may  be  taken 
for  15  to  30  minutes. 

32.  As  many  insulations  deteriorate  after  having  been 
under  water  some  time,  tests  should  be  made  of  the  insu- 
lation resistance  at  intervals  during  a  considerable  time  to 
observe  this  deterioration,  if  there  be  any.  For  example, 
readings  taken  after  the  wire  had  been  immersed  15  minutes, 
1  hour,  3  hours,  10  hours,  24  hours,  would  show  any  serious 
effect  that  wetting  would  have. 

If  a  break  occur  in  the  insulation  under  the  water,  the 
water  will  come  in  contact  with  the  metal  wire,  and  the 
ensuing  electrolysis  will  liberate  bubbles  of  gas,  which  will 
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alternately  collect  and  pass  off  at  the  break.  This  will  so 
vary  the  resistance  that  the  current  will  not  be  steady  enough 
to  allow  its  value  to  be  read.  The  galvanometer  needle  will 
irregularly  swing  back  and  forth,  and  it  will  be  useless  to 
attempt  to  measure  the  insulation  resistance,  especially  as 
the  action  will  indicate  defective  insulation. 

It  is  not  always  necessary  to  immerse  the  wire  in  water, 
although  this  is  very  convenient,  as  the  water  makes  con- 
tact with  the  entire  outer  surface  of  the  insulation,  as  the 
wire  does  with  the  entire  inner  surface,  besides  testing  the 
waterproof  qualities  of  the  insulation.  For  some  tests 
the  wire  may  be  closely  wrapped  around  a  smooth,  bright, 
metal  bar — a  section  of  shafting  for  example — and  the  resist- 
ance between  this  bar  and  the  wire  measured.  Or,  two  pieces 
of  the  wire  may  be  twisted  together,  and  the  resistance 
between  the  two  wires  measured. 

It  is  often  desirable  to  test  the  insulating  qualities  of 
sheets  of  paper,  mica  fiber,  or  similar  substances.  A  con- 
venient way  to  prepare  them  for  such  a  test  is  to  make  two 
smooth  brass  plates  smaller  than  the  pieces  of  insulation 
to  be  tested,  which  should  be  placed  between  them.  The 
insulation  resistance  may  then  be  measured  between  the  two 
brass  plates,  and  from  the  area  and  length  (thickness)  of  the 
piece  of  insulation  between  the  plates  its  specific  resistance 
may  be  calculated.  Many  other  methods  of  preparing  insu- 
lation for  tests  will  suggest  themselves  as  occasion  requires. 

33.  Although  a  storage  battery,  a  lighting  or  a  power 
circuit  may  be  used,  and  is  for  some  reasons  preferable,  for 
insulation  or  capacity  tests,  if  carefully  and  properly  fused, 
nevertheless  there  is  so  much  danger  of  injuring  the  testing 
instruments  that  a  primary  battery  of  50  or  100  cells  is 
generally  employed.  In  a  testing  room  where  the  battery 
may  be  permanently  set  up,  Leclanch6  cells  are  about  the 
most  satisfactory.  Dry  cells  are  cheaper,  however,  and  are 
often  used,  but  their  internal  resistance  is  apt  to  increase 
considerably,  especially  when  they  are  kept  in  a  dry,  heated 
room.     Where  the  battery  must  be  carried  around,  a  case  of 


§9 


ELECTRICAL  MEASUREMENTS 


37 


50  or  more  chloride-of-silver  cells  or  other  compact  battery 
will  have  to  be  used.  Some  makers  advertise  a  small  semi- 
dry  cell  for  testing  purposes. 


INSULATION    RESISTANCE    BY    LEAKAGE    METHOD 

34.  The  direct-deflection  method  is  not  suitable  for 
measuring  resistances  over  100,000  megohms  with  E.  M.  F.'s 
less  than  several  hundred  volts.  There  are,  however,  the 
variously  called  loss  of  charge,  fall  of  charge,  or  leakage 
methods  for  measuring  higher  insulation  resistances,  such 
as  that  of  short  lengths  of  cable  and  insulated  wire,  and 
joints  in  cables.  These  methods  require,  in  the  insulation 
to  be  tested,  some  capacity  as  well  as  a  very  high  resistance. 
At  least  as  accurate  results  for  very  high  resistances  can  be 
obtained  by  the  leakage  method 
to  be  given  here  as  by  any  other 
method.  Moreover,  the  calcula- 
tions required  are  less  complicated 
than  for  other  leakage  methods. 

The  method  consists  in  charging 
the  cable,  or  other  object  whose 
insulation  resistance  is  to  be  meas- 
ured, as  a  condenser,  then  allowing 
it,  while  insulated,  to  leak  for  an 
observed  number  of  seconds,  and 
finally  again  charging  it  to  the  sanie  full  potential  through 
the  galvanometer.  The  quantity  of  electricity  Q  passing 
through  the  galvanometer  replaces  the  charge  that  has  leaked 
away  during  the  observed  time  /;  hence,  the  E.  M.  F.  divided 

by  ^  gives  the  insulation  resistance.     For  calibrating  the 

ballistic  galvanometer  required  any  of  the  methods  given 
may  be  used.  If  the  condenser  method  is  used,  connect  the 
apparatus  as  shown  in  Fig.  15,  in  which  G  is  the  ballistic  gal- 
vanometer, C  a  condenser  of  known  capacity,  B  a  standard 
Clark  or  other  similar  cell  of  known  E.  M.  F.,  and  A' a  charge- 
and-discharge  key.  All  apparatus  and  connections  must  be 
very  highly  insulated  throughout  this  test,  for  which  reason 
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connecting  wires  should  be  made  air  lines  as  much  as  possible. 
The  condenser  must  first  be  thoroughly  discharged.  Then 
by  depressing  the  key  so  that  it  touches  a,  the  condenser  is 
charged,  producing  a  throw  of  the  galvanometer;  and  on 
letting  up  the  key  so  that  it  touches  h^  the  condenser  dis- 
charges, producing  another  deflection.  Let  d^  be  the  mean 
of  the  two  deflections,  E^  the  E.  M.  F.  of  the  cell,  and  C  the 
capacity  of  the  condenser;  then  the  quantity  of  electricity 
per  unit  deflection,  that  is,  the  constant  of  the  ballistic  gal- 

~d.    • 

The  cable  to  be  tested   is   then   connected   as  shown  in 
Fig.  16.     If  the  cable  is  on  a  reel,  it  should  be  immersed  in 


vanometer,  has  already  been  shown  to  be  A^  = 


Fig.  16 


a  tank  of  water.  Particular  care  should  be  taken  to  insulate 
the  ends  of  the  cable,  so  as  to  avoid  surface  leakage.  The 
guard-ring  method  of  eliminating  surface  leakage  may  also 
be  applied.  TV  is  a  switch  or  plug  by  which  the  galvanometer 
may  be  short-circuited.  With  the  switch  N  and  key  A"  closed, 
charge  the  cable.  For  a  preliminary  test  a  charge  lasting 
1  minute  is  sufficient,  as  poor  insulation  may  render  a  longer 
charge  useless.  Then  open  the  circuit  at  K  for  a  carefully 
observed  number  of  seconds,  say  80,  in  the  meantime  opening 
the  switch  N,  and  noting  the  zero  reading  of  the  galvanom- 
eter. At  the  end  of  the  30  seconds,  close  the  key  K  and  note 
the  throw  d^  of  the  galvanometer.  This  throw  corrected  for 
the  zero  reading,  indicates  the  quantity  of  electricity  passing 
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through  the  galvanometer,  and  hence  the  quantity  required 
to  replace  the  part  of  the  charge  lost  by  leakage  or  absorption 
during  the  observed  time  that  the  cable  was  disconnected  and 
a  portion  of  its  charge  allowed  to  leak  away.  In  order  to 
obtain  a  series  of  values  that  will  show  the  condition  of  the 
insulation  and  the  amount  of  absorption,  repeat  the  above 
observation  after  equal  periods  of  charge  of  at  least  1  minute, 
and  for  equal  periods  of  discharge,  say  30  seconds. 

If  Q,  is  the  quantity  of  electricity  corresponding  to  the 
throw  d,y  t  the  number  of  seconds  during  which  the  cable 
was  disconnected  and  the  charge  equivalent  to  j2«  escaped, 
and  E^  the  E.  M.  F.  of  the  battery  that  may  be  most  con- 

veniently  measured  by  a  voltmeter  F,  then  Q,  =  -^/  =  Kd^. 

C  E 
But  it  has  already  been  shown  that  K  =     '     \    Substituting 

dx 
this  value  for  K  in  the  preceding  equation,  we  obtain 

If  C  is  expressed  in  farads  R  will  be  in  ohms,  but  it  is 
usually  more  convenient  to  express  C  in  microfarads  in  which 
case  R  will  be  in  megohms;  /  must  be  expressed  in  seconds. 
This  formula  is  true  provided  the  leakage  is  not  great  enough 
to  appreciably  lower  the  potential  of  the  cable  during  the 
time  that  the  charge  is  allowed  to  leak  away.  Constant 
results  will  not  be  obtained  unless  the  insulation  is  very  high, 
and  even  then  not  unless  the  cable  is  charged  until  absbrj)- 
tion  ceases,  in  many  cases  at  least  for  2  hour.  If  the  deflections 
decrease  as  the  time  the  cable  is  allowed  to  remain  on  open 

• 

circuit  is  lengthened,  it  indicates  absorption;  the  greater  the 
decrease  the  greater  is  the  absorption.  The  higher  the  insu- 
lation resistance,  the  easier  is  the  application  of  the 
method,  for  it  merely  requires  that  the  observation  be 
taken  after  longer  discharge  or  leakage  intervals  in  order 
to  get  sufficiently  large  deflections.  With  any  one  cable  the 
discharge  intervals,  or  the  E.  M.  F.*s,  or  both,  should  be 
regulated    to    give    desirable    deflections.     The   insulation. 
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resistance  calculated  from  successive  deflections  obtained 
by  this  or  any  other  leakag^e  method,  will  increase  until 
absorption,  which  may  continue  for  hours,  ceases. 


THS    TESTING    OF    INSULATORS 

35.  Althougfh  no  method  of  testing:  insulators,  or  any 
insulating  material  for  that  matter,  can  equal  a  practical  trial 
under  conditions  of  actual  service,  nevertheless,  whatever 
tests  are  made  should  duplicate  as  nearly  as  possible  the 
electrical  and  mechanical  strains  to  which  the  insulation  will 
be  exposed  under  the  most  severe  conditions  that  will  ever 
be  met  with  in  practice.  All  insulating  materials  are  most  apt 
to  break  down  on  long-applied  electric  stress.  The  prepared 
cloth  wrappings  used  on  the  windings  of  electrical  machinery 
will  stand  instantaneously  two  or  three  times  the  potential 
that  they  will  carry  continuously.  Glass  and  porcelain  are 
not  affected  by  time  to  the  same  extent  as  organic  materials, 
but  both  are  punctured  by  long-continued  applications  of  lower 
pressures  than  they  have  withstood  when  tested.  But  it  is 
impractical  to  test  each  insulator  with  a  given  number  of  volts 
continuously  as  it  would  be  in  service,  especially  on  high- 
voltage  transmission  systems,  and  the  ordinary  insulation 
resistance  tests  alone  are  not  sufficient. 

Insulators  should  first  be  inspected  to  see  that  they  are  free 
from  cracks,  bubbles,  or  pits  that  will  impair  their  strength 
or  in  which  moisture  can  lodge.  If  of  porcelain,  the  glaze 
should  cover  all  the  outer  surfaces.  The  glaze  is  of  no  insu- 
lating value  in  itself,  but  dirt  sticks  to  unglazed  surfaces. 
Experience  has  shown  that  porcelain  insulators  that  are  not 
absolutely  non-absorbent  are  worthless.  The  best  porcelain 
shows  a  polished  fracture  likQ  glass.  If  there  is  any  doubt 
about  the  quality  of  the  porcelain  in  this  respect,  it  should  be 
broken  into  small  pieces,  kept  in  a  hot,  dry  place  for  some 
time,  weighed,  and  immersed  in  water  for  a  day.  When 
taken  out  of  the  water  and  all  visible  drops  and  moisture 
wiped  off,  the  weight  should  be  the  same  as  at  first. 

It  is  also  well  (if  the  insulator  is  of  a  type  that  seems  to 
require  it)  to  try  samples  for  mechanical  strength.     When 
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mounted  on  pins  the  insulator  should  stand  a  side  strain  of 
at  least  ten  times  the  pressure  exerted  by  the  air  on  the  con- 
ductor with  a  wind  velocity  of,  say,  100  miles  an  hour. 
With  built-up  insulators  (two  or  more  parts)  it  would  also 
be  well  to  test  them  in  tension  along  the  axis  of  the  pin.  In 
transmission  lines  crossing;  depressions,  such  an  upward  pull 
is  not  infrequently  exerted  on  the  insulator. 


PUNCTTTRE    TEST 

36,  A  puncture  test  should  be  made  by  setting  the 
insulator  upside  down,  as  shown  at  PF,  Fig.  17,  in  a  vessel 
containing  salt  water,  filling  the  pinhole  also  with  salt  water. 
The  connections  for  this  test  are  also  shown  in  this  figure. 
D  represents  an  alternating-current  dynamo,  and  T  an  alter- 
nating-current transformer,  which  works  on  the  same  princi- 
ple as  an  induction  coil.    It  is  so  constructed  that  an  ordinary 


Pio.  17 

alternating  potential,  say  125  volts,  acting  on  the  primary 
winding  p  may  produce  a  potential  as  high  even  as  100,000 
volts  in  the  secondary  winding  s,  A  spark  gap  A  and  the 
insulator  under  test  are  connected  in  parallel.  The  spark 
gap  prevents  the  application  of  a  greater  potential  to  the 
insulator  than  will  produce  a  spark  across  its  points  at  the 
particular  distance  to  which  they  may  have  been  separated. 
The  points  of  the  spark  gap  are  set  such  a  distance  apart 

43—35 
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that  a  spark  will  jump  across  them  when  the  voltag^e  has 
been  raised  to  the  hij^hest  value  at  which  it  is  desired  to  test 
the  insulators.  This  distance  may  be  determined  by  the  table 
or  curve  given  in  Electrical  Resistance  and  Capacity,  If  a 
spark  merely  jumps  across  the  gap  A  when  the  points  are 
set  at  the  proper  distance  apart,  so  that  the  desired  voltage 
is  obtained,  and  does  not  puncture  the  insulator  or  creep 
over  its  surface  from  the  water  inside  to  the  water  outside, 
the  insulator  has  withstood  this  breakdown  test^  as  it  is  also 
called.  New  needles  should  be  used  at  the  gap  after  each 
discharge  across  it,  otherwise  the  potential^necessary  to  pro- 
duce a  spark  across  the  gap  may  not  follow  the  table  or  curve 
referred  to  above. 

Either  a  high-voltage  electrostatic  voltmeter,  or  an  ordi- 
nary low- voltage  (up  to  300  volts)  alternating-current  volt- 
meter may  be  used  in  addition  to,  or  if  necessary,  even  in 
place  of  the  spark  gap;  in  the  figiu-e,  F  represents  an  elec- 
trostatic voltmeter.  Briefly  stated,  it  consists  of  four  insu- 
lated quadrants  d^  d\  r,  and  c^  and  two  movable  vanes  fastened 
together,  a  spiral  spring  at  the  center  tending  to  prevent 
the  movable  vanes  and  pointer  from  rotating  about  the 
center  from  their  zero  position.  The  quadrants  c,  c*  being 
connected  to  one  side  of  the  circuit  are  always  oppositely 
charged  to  those  that  are  connected  to  the  other  side  of 
the  circuit  r/,  d'  and  the  movable  vanes  e.  Hence,  f,  c'  tend 
to  attract  and  dy  d^  to  repel  the  movable  vanes.  The  scale 
is  calibrated  to  read,  in  volts,  the  difference  of  potential 
between  the  two  sets  of  quadrants.  This  voltmeter  may 
be  used  for  high  voltages  on  either  alternating-  or  direct- 
current  circuits. 

The  high  voltage  in  the  testing  circuit  may  be  reduced,  or 
stepped  down,  as  it  is  called,  by  the  small  transformer  T\ 
which  is  made  purposely  so  that  an  ordinary  low-voltage, 
alternating-current  voltmeter  V  may  be  used.  The  reading 
of  the  voltmeter  \ ''  must  be  multiplied  by  the  ratio  of  trans- 
formation of  voltage  due  to  T'  or  else  V  must  have  its 
scale  calibrated  so  as  to  read  directly  the  voltage  in  the  high- 
potential  circuit.     Either  voltmeter  may  be  used. 
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37.  Care  should  be  taken  that  all  high-potential  connect- 
ing wires  form  air  lines  and  are  separated  a  distance  at  least 
somewhat  greater  than  the  distance  between  the  sparking 
points  at  A,  Start  the  test  with  all  the  resistance  in  ^,  then 
gradually  reduce  -^,  leaving  it  remain  in  each  position 
1  minute.  Thus  slowly  increase  the  potential  between  the 
inside  and  outside  of  the  insulator  IV  until  the  insulator 
either  punctures  or  arcs  over  the  surface  or  until  the  desired 
test  potential  is  reached,  thereby  causing  a  spark  to  pass 
across  the  air  gap  A, 

The  puncture  test  as  here  explained  may  be  used  for 
similar  tests  on  almost  any  insulating  material. 

If  an  insulator  is  built  up  of  several  parts,  each  part 
should  be  able  to  withstand  a  pressure  greater  than  it  will 
have  to  sustain  when  the  complete  insulator  is  tested.  If  it  is 
to  be  tested  for  100,000  volts  and  is  made  in  two  parts,  each 
part  might,  for  instance,  be  tested  with  70,000  volts.  The 
object  of  this  is  to  have  the  weak  parts  rejected  before  they 
are  assembled.  A  fair  puncture  test  for  an  insulator  is  twice 
the  potential  for  which  it  is  to  be  employed,  applied  between 
the  head  and  the  interior  for  1  minute.  For  example,  the  insu- 
lators for  a  50,000-volt  line  should  each  stand  100,000  volts. 

A  1 -minute  test  is  not  so  severe  as  a  continuous  application 
of  an  equal  potential,  but  insulators  that  have  passed  this 
test  stand  up  well  in  service.  New  types  of  insulators  for 
high-potential  circuits  should  be  tested  both  wet  and  dry,  to 
determine  the  potentials  that  will  arc  over  them.  The  dry 
test  is  of  little  value,  as  the  potential  at  which  the  arc  jumps 
from  the  head  to  the  pin  can  be  predetermined  by  measuring 
the  shortest  distance  between  them  and  referring  to  a  curve 
of  sparking  distances  in  air.  In  a  wet  arcing  test,  a  stream  of 
water  from  a  sprinkler  nozzle  under  a  pressure  of  at  least 
50  pounds  to  the  square  inch  should  be  played  on  the 
insulator  at  an  angle  of,  say,  30°  from  the  horizontal.  This 
will  be  similar  to  the  condition  that  exists  in  a  rain  or  wind 
storm.  The  insulator  should  not  arc  over  from  the  wire  to 
the  pin  at  less  than  the  potential  that  will  exist  in  service 
l^etween  any  two  conductor*;, 
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ELECTROSTATIC    CAPACITT 

38.  The  electrostatic  capacity  of  well-insulated  con- 
densers may  be  measured  by  any  one  of  a  number  of 
methods,  and  the  method  for  which  the  apparatus  at  hand 
is  most  suitable,  would  be  the  one  generally  selected.  But 
the  various  methods  fail  to  a  greater  or  less  extent  when 
applied  to  leaky  condensers,  submarine  and  underground 
cables,  and  overhead  lines.  Where  there  is  much  leakage, 
the  leakage  current  interferes  with  the  instantaneous  charge 
or  discharge  currents  and  moreover  the  discharge  from  cables 
cannot  be  completed  instantaneously,  both  because  induction 
may  delay  the  discharge  and  because  the  dielectric  gives  up 
only  slowly  the  portions  of  the  charge  that  it  has  absorbed. 
The  direct-deflection  method  of  measuring  electrostatic  capacity 
is  the  simplest  and  probably  the  most  generally  used,  except 
perhaps  for  alternating-current  apparatus,  for  which  the 
alternating-current  method  would  usually  be  preferred.  The 
results  obtained  by  the  direct-deflection  methpd  will  hardly 
be  correct,  even  under  favorable  conditions,  to  within  1  per 
cent,  and  it  is  not  as  exact,  perhaps,  as  Gott's  method,  but 
it  is  quicker  and  more  simple. 


DIRECy-DKFIiECTION    METHOD     FOR    MEASURING 

CAPACITY 

39.  In  the  dlrect-deflectlon  metbod,  the  capacity  is 
measured  by  comparing  the  extreme  swing  of  a  galvanometer 
produced  by  discharging  the  cable  through  the  galvanometer, 
with  that  produced  by  discharging  through  the  same  gal- 
vanometer a  condenser  of  known  capacity  charged  to  the 
same  potential. 

To  observe  the  extreme  throw  of  the  ballistic  galvanom- 
eter when  the  standard  condenser  is  discharged  through  it^ 
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the  apparatus  may  be  connected  as  shown  in  Figs.  15  or  18. 
(^  is  a  ballistic  galvanometer,  Cthe  standard  condenser,^  a 
battery  of  from  1  to  15  cells,  and  K  a  discharge  key  resting 
normally  against  the  contact  ^,  but  capable  of  being  pressed 
against  the  contact  a.  The  capacity  of  the  condenser  C 
should,  preferably,  be  adjustable  from  about  iV  to  1  micro- 
farad. The  best  results  are  obtained  when  the  capacity 
of  the  standard,  or  known,  condenser  is  very  nearly  equal 
to  that  of  the  unknown,  and  the  deflections  therefore  nearly 
the  same.  However,  a  moderate  divergence  from  this  con- 
dition of  equality  does  not  materially  reduce  the  precision. 
In  case  an  adjustable  condenser  is  not  available,  one  having 
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Fig.  18 


a  capacity  of  about  -h  microfarad  will  be  found  most  suitable 
for  use  with  telephone  and  telegraph  cables. 

When  the  key  is  pressed  against  «,  a  current  from  the 
battery  charges  the  condenser.  The  charging  should  be 
allowed  to  continue  for  about  15  seconds,  in  order  to  give  the 
charge  a  chance  to  soak  in.  The  key  should  then  be  sud- 
denly released,  which  will  establish  such  connections  as  to 
allow  the  condenser  to  discharge  through  the  galvanometer. 
A  certain  throw,  or  kick,  of  the  galvanometer  needle  will 
take  place,  and  this  extreme  reading  should  be  noted  down. 
Several  readings  should  be  taken  to  avoid  error  and  to 
obtain  an  average. 
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The  cable  or  line  is  then  substituted  for  the  condenser,  as 
shown  in  Fig.  19,  where  the  wire ;/  leading  from  the  galva- 
nometer and  battery  is  represented  as  connected  to  the  one 
wire  of  a  telephone  cable  to  be  measured,  all  the  other  wires 
being  insulated  from  it  and  connected  with  the  sheath  of  the 
cable.  The  key  K  should  be  connected  to  the  sheath,  as 
shown.  If  the  line  whose  capacity  is  being  measured  is  of 
bare  wire,  the  wire  n  from  the  battery  and  galvanometer 
should  be  connected  to  it,  while  the  wire  from  the  lever  of 
the  key  should  be  grounded.  Several  readings  are  then 
taken  on  the  galvanometer  after  charging  for,  say,  15  seconds 
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and  the  average  of  them  obtained  as  before.  If  the  deflec- 
tion is  found  to  increase  with  the  duration  of  the  charge,  due 
to  absorption,  some  duration  should  be  found  by  trial  so 
great  that  the  deflection  is  not  further  increased  by  longer 
charging.  For  a  condenser  showing  no  signs  of  absorp- 
tion, 1  or  2  seconds  is  enough.  Between  readings,  the 
condenser  or  line,  as  the  case  may  be,  should  be  fully  dis- 
charged by  holding  the  key  in  the  discharging  position  for  at 
least  as  long  a  time  as  the  cable  was  charged. 

If  no  shunt  is  used  on  the  galvanometer,  or  if  the  same 
shunt  is  used  in  each  case,  the  two  capacities  will  vary  in 
proportion  to  the  respective  readings  of  the  galvanometer; 
thus,   calling  d  the   deflection  obtained  with    the  standard 
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condenser,  d'  that  with  the  cable,  C  the  capacity  of  the  stand- 
ard condenser,  and  O  the  capacity  of  the  cable,  we  have 
C  \  C  —  d!  \  d\  or, 

C  ^^  (15) 

d 

The  capacity  of  a  cable  per  mile  is  found  by  dividing  its 
total  capacity  by  the  length  of  the  cable  in  miles. 

40.  Use  of  Sliuiits  In  Measuring  Transient  Cur- 
rents.— Since  the  relative  opposition  offered  by  a  galva- 
nometer and  by  an  ordinary  shunt  to  transient  (brief  and 
variable)  currents  does  not  vary  the  same  as  their  relative 
resistances  to  steady  currents,  it  follows  that  the  multiplying 
power  of  an  ordinary  galvanometer  shunt  is  not  the  same 
for  transient  as  for  steady  currents.  Hence,  if  very  accurate 
results  are  desired,  an  ordinary  shunt  should  not  be  used  in 
connection  with  the  measurement  of  transient  currents,  as  in 
this  or  any  similar  method,  unless  exactly  the  same  shunt  is 
used  when  obtaining  two  comparative  deflections  {d  and  d' 
in  this  case)  that  enter  into  the  computations.  However,  an 
Ayrton  shunt  may  be  used,  because  its  multiplying  power  is  the 
same  for  transient  as  for  steady  currents.  If  the  same  shunt 
is  used  in  both  cases  no  account  need  be  taken  of  the  shimt, 
but  if  it  is  necessary  to  use  different  shunts  in  obtaining  the 
deflections  d  and  d' ^  then  each  deflection  must  be  multiplied 
by  the  multiplying  power  of  the  shunt  used  when  observing  it. 

41,  A  complete  and  practical  diagram  of  connections  for 
determining  the  capacity  of  a  cable  by  the  direct-deflection 
method  is  shown  in  Fig.  20;  A  and  D  represent  reversing 
switches.  It  will  be  noticed  that  the  galvanometer  is  so  con- 
nected in  the  circuit  that  the  charge  as  well  as  the  discharge 
flows  through  it,  as  in  Fig.  15.  If  it  is  desired  to  have  only 
the  discharge  pass  through  the  galvanometer,  as  in  Figs.  18 
and  19,  then  connect  d  to  /  and  disconnect  d  from  h  and  e 
from  /,  and  connect  ^  to  ^  and  //  to  E  and  disconnect  b  from  E. 
In  Fig.  20  a  universal  shunt  is  shown  connected  to  the  gal- 
vanometer. The  cable  must  first  be  thoroughly  emptied  of 
any  stray  charge  by  placing  a  plug  in  m,  closing y^,  and  placing 
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p  upon  Oy  or  by  connecting  e  to  h.  K  should  be  a  key  that 
can  be  clamped  down  in  contact  with  a,  but  when  released 
will  immediately  spring  against  b.  With/  upon  a  suitable 
point,  a  plug  in  w,  the  reversing  switches  A  and  D  closed, 
and  the  galvanometer  system  perfectly  at  rest — its  position 
of  rest  being  noted — depress  the  switch  A' and  note  the  throw 
of  the  galvanometer.  Reverse  the  switch  ^,  so  as  to  obtain 
the  next  deflection  on  the  same  side  of  the  scale,  and 
when  the  galvanometer  comes  to  rest,  let  up  the  key  K  and 
observe  the  discharge  deflection.      If  possible,  adjust  the 
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galvanometer  shunt  so  as  to  obtain  as  large  a  deflection  as 
can  be  accurately  read. 

Practically  all  the  charge  of  the  condenser  is  yielded  instan- 
taneously when  it  is  discharged,  but  the  cable  discharges  at 
first  only  a  large  percentage  of  the  charge  it  received,  the 
remaining  portion  of  the  charge  is  given  up  so  slowly  that 
the  swing  of  the  galvanometer  system  is  not  affected  by  it; 
moreover,  some  of  the  charge  may  have  escaped  due  to  poor 
insulation.  Consequently,  the  capacity  computed  from  the 
discharge  deflections  is  too  small.  It  would  be  too  large,  if 
computed  from  the  charge  deflections  because  the  leakage  as 
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well  as  the  absorption  would  tend  to  increase  the  swing. 
Probably  the  mean  of  both  charge  and  discharge  deflections 
will  give  the  best  result,  especially  when  the  insulation  resist- 
ance and  capacity  are  low.  When  the  insulation  resistance 
is  high  and  the  absorption  rather  large  then  experience  seems 
to  show  that  the  discharge  deflection  gives  the  most  accurate 
result.  In  order  to  reduce  to  a  minimum  the  error  due  to 
leakage  the  test  on  overhead  bare  wires  should  be  made  in 
dry  weather  when  the  insulation  resistance  is  a  maximum. 

To  determine  the  deflection  from  the  known  condenser  C, 
shift  the  plug  from  m  to  n  and  proceed  in  the  same  manner. 
A  mean  of  a  number  of  observations  should  be  taken  on  both 
the  condenser  and  cable.  Between  each  pair  of  observations 
the  cable  or  condenser  must  be  thoroughly  discharged. 

42.  Proper  Galvanometer. — In  order  that  the  throw 
shall  be  a  correct  measure  of  the  charge  (or  discharge),  the 
whole  charge  should  pass  through  the  galvanometer  before 
the  system  has  had  time  to  move  far  from  its  position  of 
rest;  and,  furthermore,  the  system  should  swing  with  but 
little  air  resistance,  so  that  the  magnitudes  of  successive 
throws  do  not  fall  oflE  rapidly.  These  conditions  are  satisfied 
by  a  sensitive,  reflecting,  ballistic  galvanometer.  With  a 
galvanometer  of  the  Thomson  type,  the  position  of  the  con- 
trolling magnet  of  the  instrument  may  be  arranged  to 
sufficiently  decrease  the  strength  of  the  earth's  field  in  which 
the  moving  system  rotates;  and  the  mass  of  the  moving 
system  may  in  some  cases  be  sufficiently  increased  so  that 
their  combined  effect  will  cause  the  system  to  require  from 
10  to  15  seconds  to  make  half  a  complete  vibration,  that  is, 
one  swing  in  one  direction  and  back  to  zero.  Thus,  a  charge 
of  several  seconds  duration  may  act  on  the  needle  before 
it  has  moved  far  from  its  position  of  rest.  A  D'Arsonval 
galvanometer  may  also  be  used,  if  its  time  for  making  half 
a  complete  vibration  is  as  long  as  that  mentioned  above. 
No  correction  for  damping  is  required  because  the  correction 
factor  is  proportional  to  the  throw  and  thus  the  throws  from 
both   the   cable    and   condenser   are   reduced   by  the  same 
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fraction,  and  hence  the  ratio  of  the  uncorrected  is  the  same 
as  that  of  the  corrected  throws. 

ExAMPLB. — A  test  was  made  to  determine  the  capacity  of  a  cable 
2,000  feet  long.  The  capacity  of  the  standard  condenser  was  1  micro- 
farad. The  deflection,  or  throw,  from  the  standard  condenser  was 
37  divisions,  and  that  from  the  cable  was  42.     What  was  the  capacity 

of  the  cable,  per  mile? 

42  X  1 
Solution. — The  capacity  of  the  cable  C  =  -        -  =  1.135,  and  the 

5  280 
capacity  of  a  mile  of  such  a  cable  =  1.135  X  o'f^»  =  2.996,  or  practically 

3  microfarads.     Ans. 


GOTT'S  METHOD  FOR  MEASURING  CAPACITY 

43.  Gott's  met  bod  for  measurinfir  electrostatic 
capacity  is  quite  as  convenient  and  more  accurate  than  the 
direct-deflection  method,  and  moreover  any  kind  of  a  suffi- 
ciently sensitive  reflecting  galvanometer  may  be  used.  It 
does  not,  therefore,  require  a  ballistic  galvanometer,  which 
many   companies  do  not  possess.     From  the  diagram  for 
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Gott's  method,  shown  in  Fig.  21,  it  will  be  seen  that  the 
apparatus  is  arranged  like  a  Wheatstone  bridge,  the  known 
capacity  of  a  standard  condenser  C  and  the  unknown  capacity 
of  a  condenser  or  cable  C\  forming  two  arms  and  the  adjustable 
resistances  R  and  R'  forming  the  other  two  arms.  To  carry 
out  the  determination,  give  R  and  R'  any  values,  but  make 
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i?  +  -^^  as  large  as  possible  or  convenient,  close  the  switch 
5"  upon  my  and  after  5  or  10  seconds  close  the  key  K  and 
note  the  deflection  of  the  galvanometer  G.  The  battery 
circuit  must  remain  closed  until  after  the  galvanometer 
deflection  is  observed.  Then  open  5"  and  thoroughly  dis- 
charge both  C  and  O  by  holding  K  closed  at  least  several 
times  longer  than  the  battery  circuit  previously  remained 
closed.  After  readjusting  R  or  R'  (always  keeping  R  +  R^ 
large),  the  above  operation  is  repeated  till  on  closing  A', 
with  5"  resting  on  m,  no  deflection  of  the  galvanometer  is 
produced.  Now,  the  charge  (2  on  a  condenser  is  such  that 
Q  —  E  Cy  in  which  E  is  the  potential  difference  between  the 
two  terminals  of  the  condenser  and  C  its  capacity.  Simi- 
larly, for  the  condenser  C,  Q-  =  E'  O,  Then  E  represents 
the  difference  of  potential  from  a\.o  c  and  E^  the  difference 
of  potential  from  c  through  C  to  b  when  5"  is  closed.  Since 
the  two  condensers  were  charged  in  series,  it  follows  that 
the  quantities  of  electricity  Q^Q'  on  the  two  condensers  must 

E        O 
be  exactly  equal;   hence,  E  C  ^  E^  C y  or  — -  =  --.    More- 

E  C 
over,  R  and  R^  were  adjusted  so  that  when  K  was  closed  no 
deflection  of  the  galvanometer  was  produced;  hence,  the 
points  Cy  d  must  have  exactly  the  same  potential.  But  the 
difference  of  potential  E  between  a  and  c  equals  the  differ- 
ence of  potential  between  a  and  dy  and  similarly  the  difference 
of  potential  E'  between  c  and  b  equals  that  between  d  and  b. 
But  the  difference  of  potential  E  between  a  and  d  equals 
I  X  R  and  the  difference  of  potential  between  d  and  b 
equals  /  X  R'y  because  the  same  current  /  flows  through 

both  R  and  R^.    Hence,  -^  =  --.     But  it  has  been  shown 


B      R' 

EC.  OR 

-  =  „_-•  hence,  —  =  -  -, 

E>       C  C       R' 


C  =  C^,  (16) 

If  the  insulation  of  the  cable  is  less  than  several  megohms 
to  the  microfarad  the  capacity  obtained  by  Gott's  method 
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would  be  appreciably  greater  than  the  actual  capacity.  Both 
leakage  and  absorption  tend  to  increase  the  apparent  capacity 
of  the  cable  as  obtained  by  this  method.  The  best  condi- 
tions are  to  have  the  known  and  unknown  capacities  about 
equal;  the  total  resistance  R  +  R'  should  be  high  and  the 
battery  should  supply  as  large  a  current  as  R  and  R'  will 
safely  carry.  The  three  arms  of  a  Wheatstone  bridge  may 
be  used  for  R  +  R',  the  large  resistances  in  two  ratio  arms 
being  used  for  one  and  the  rheostat  arm  for  the  other.  Care 
must  be  taken  not  to  cut  out  too  much  resistance  from  one 
of  the  two  resistances  without  also  inserting  a  correspond- 
ing amount  in  the  other  one,  otherwise  R  +  R'  may  be  made 
so  small  as  to  allow  the  battery  to  send  too  large  a  current 
through  it.  When  a  plug  is  inserted  in  one  resistance 
another  plug  can  usually  be  withdrawn  from  the  other 
resistance.  To  protect  the  resistance,  the  battery  circuit 
should  not  be  closed  by  the  switch  5"  any  longer  than  is 
really  necessary.  Where  O  is  a  condenser,  it  is  not  neces- 
sary to  ground  ^,  merely  connect  the  condenser  between 
c  and  b.  In  this  method  it  is  not  essential  that  the  battery 
or  switch  5*  should  be  very  highly  insulated  from  the  ground, 
but  all  other  connections  and  instruments  should  be  very 
highly  insulated  from  the  ground  and  from  one  another. 
On  account  of  absorption  and  leakage  of  cables,  even  with 

well-insulated  condensers,  the  ratio  — -  will  change  with  a 

change  in  the  duration  of  charging;  hence,  in  the  final  adjust- 
ments of  R  and  R^  the  duration  of  charge  should  always  be 
the  same.  With  long  submarine  cables  the  duration  of 
charge  should  be  at  least  15  seconds,  or  even  30  seconds  in 
order  to  obtain  the  full  capacity.  On  cables  having  much  less 
absorption,  such  as  electric-light,  telephone,  and  telegraph 
cables,  about  5  seconds  is  sufficient.  Gott's  method  has  the 
disadvantage  that  the  error  due  to  leakage  increases  with  the 
duration  of  charge,  but  it  is  a  zero  or  null  deflection  method 
and  hence  either  a  Thomson  or  D'Arsonval  galvanometer 
is  suitable;  the  galvanometer  should  be  sensitive  enough  to 
detect  the  smallest  change  it  is  possible  to  make  in  R  or  R', 
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absoijUte  measurement  op  capacity 

44.  The  capacity  of  a  condenser,  line,  or  cable  may  be 
determined  without  the  use  of  a  standard  condenser.  To 
obtain  results  that  do  not  need  to  be  corrected  for  damping^ 
a  ballistic  galvanometer  should  be  used  that  occupies  at 
least  10  to  15  seconds  in  making  half  a  complete  oscillation. 
First  connect  the  galvanometer,  a  high  resistance,  and  a 
battery  in  a  series-circuit  and  observe  the  steady  deflection  dx 
produced.  The  deflection  should  be  the  mean  of  an  equal 
number  of  readings  on  both  sides  of  the  scale  obtained  by 
the  use  of  reversing  switches  in  the  battery  and  galvanometer 
circuits.  Then  connect  the  same  galvanometer  and  the 
same  battery  as  shown  in  Fig.  15,  so  that  the  instantaneous 
swings  may  be  determined  when  the  condenser  is  charged 
and  discharged.  Call  the  mean  of  an  equal  number  of 
charge  and  discharge  deflections  on  each  side  of  the  scale  af,. 
Also  observe  the  time  /,  in  seconds,  required  by  the  gal- 
vanometer system  to  make  half  a  complete  oscillation; 
that  is,  one  vibration  from  one  to  the  other  side  of  the 
scale,  or  from  the  center  to  one  side  and  back  to  the  center. 
This  is  best  determined  by  noting  the  total  time  for  a 
number  of  vibrations  and  dividing  this  time  by  the  num- 
ber of  vibrations.  Then,  the  unknown  capacity  is  given 
in  farads  by  the  formula 

Rd,  ^      ' 

liR  is  expressed  in  megohms,  C will  be  in  microfarads.  R  is 
the  total  resistance  of  the  circuit;  hence,  R  =  Rx  -{-  B  +  G, 
in  which  G  is  the  galvanometer  resistance,  B  the  internal 
resistance  of  the  battery,  and  Ri  all  other  resistance  in  the 
circuit.  If  a  shunt  of  resistance  5"  is  used  with  the  galva- 
nometer when    determining  the  deflection  di,  then  in  the 

above  formula  Rd,  =(r,'{-B  +  -^"^ d, (^ \^\     The 

internal  resistance  B  of  the  battery  can  usually  be  neglected. 
An  Ayrton  shunt  may  be,  but  preferably  no  shimt  should  be, 
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used  when  determining  the  deflection  </,.  The  derivation 
of  the  last  and  the  next  three  formulas  belong  properly 
to  a  treatise  on  the  subject  of  alternating  currents,  and  are 
beyond  the  scope  of  this  Section. 


MEASUREMENT  OF    CAPACITY  BY   AXTEBNATLNG 

CURRENTS 

45.  Method  No.  1. — Connect  the  condenser  C  whose 
capacity  is  to  be  measured  in  series  with  an  alternating- 
current  ammeter  Ay  a  gen- 
erator of  alternating  cur- 
rents Z7,  and  an  alternating- 
current  voltmeter  [''across 
the  terminals  of  the  con- 
denser, as  shown  in  Fig.  22. 
If  the  resistance  and  in- 
ductance of  the  whole  cir- 
cuit is  negligible, compared 


Pig.  22 


to 


2;r»C 


,  then  the  capacity  C  is  given  by  the  formula 

/ 


C  = 


^TznE 


(18) 


in  which  /  =  current,  measured  by  A\ 

E  —  difference  of  potential  measured  by  V\ 
n  =  frequency   or   number   of   cycles   per    second 
made  by  the  alternating  current. 
Read  A  and  V  as  nearly  simultaneously  as  possible.     If 
the  generator  D  has  p  pairs  of  poles  and  makes  s  revolu- 
tions per  second,  n  =  ps.     If  /is  expressed  in  amperes  and 
E  in  volts,  C  will  be  in  farads. 

If  a  non-inductive  resistance  R  is  included  in  series  with 
the  condenser,  and  the  voltmeter  is  connected  so  as  to 
measure  the  drop  of  potential  through  both  R  and  C,  then, 
the  inductance  being  negligible,  we  have 


C  = 


1-7Ae^  "  r  R' 


(19) 


§9  ELECTRICAL  MEASUREMENTS  55 

R  should  be  measured  by  a  Wheatstone  bridge  or  with 
direct  current  if  a  voltmeter  and  ammeter  are  used. 

46.  Metliod  No.  2. — The  capacity  may  be  measured  in 
the  following  manner:  Connect  a  non-inductive  resistance 
(an  incandescent  lamp  or  graphite  resistance)  in  series  with 
the  condenser,  measure,  as  neariy  simultaneously  as  possible, 
the  difference  of  potential  E'  across  the  non-inductive  resist- 
ance and  the  difference  of  potential  E  across  the  condenser 
terminals;  then, 

A  known  resistance  R  but  no  ammeter  is  required  in  this 
method.  

MEASUREMENT  OF  INDUCTANCE 

47.  The  inductance,*  or  self -inductance,  of  a  coil  is  a 
quantity  that  is  strictly  constant  only  when  no  magnetic 
material,  masses  of  metal,  or  closed  coils  are  near  it.  For 
if  there  is  magnetic  material  near  the  coil  its  inductance  will 
depend  on  the  strength  of  the  current  passing  through  the 
coil;  and  if  there  is  any  mass  of  metal  or  closed  coils  near 
it  currents  may  be  induced  in  the  metal  or  closed  coils, 
thereby  tending,  as  a  rule,  to  reduce  the  apparent  inductance 
of  the  coils  under  measurement.  Moreover,  the  hysteresis 
in  any  iron  near  the  coil  would  produce  the  same  result  in 
methods  using  alternating  or  reversed  currents.  Hence, 
constant  values  cannot  be  expected  from  measurements  of 
the  inductance  of  coils  unless  care  is  taken  to  remove  all 
iron,  metal,  or  closed  coils  from  the  neighborhood  of  the 
coil  while   its  inductance  is   being   measured.      When   the 


*Some  writers  make  the  following  distinction  between  inductance, 
self-inductance,  and  mutual  inductance:  Inductance  is  the  number  of 
interlinkasces  (flux  X  turns)  of  an  electric  circuit  with  the  lines  of 
force  produced  by  unit  current  in  the  circuit.  Self-inductance  is  the 
number  of  interlinkai^es  of  an  electric  circuit  with  the  lines  of  force 
produced  by  unit  current  in  this  circuit  and  not  linked  with  a  second 
circuit.  Mutual  inductance  of  one  circuit  upon  a  second  circuit  is  the 
number  of  interlinkages  of  the  second  electric  circuit  with  the  lines  o| 
force  produced  by  unit  current  in  the  first  electric  circuit. 
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inductance  is  itself  variable,  there  is  no  use  in  striving  for 
great  accuracy  of  measurement. 

If  the  coil  has  an  iron  core  or  surrounding  shell  the 
strength  of  the  current  through  the  coil  when  the  measure- 
ment is  made  should  be  determined  and  stated.  The  induct- 
ance of  a  coil  when  it  contains  iron  should  be  preferably 
determined  with  exactly  the  same  current  flowing  through 
it  as  when  in  use.  This  condition  cannot  always  be  readily 
fulfilled,  however.  As  the  derivations  of  the  formulas  that 
will  be  given  for  the  methods  of  measuring  inductance  are 
rather,  complex  and  difficult  it  will  not  be  practical  to  derive 
them  here. 


a 


>v^     It   '^Y 


J 
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MAXWEIili-RIMINGTON  METHOD 

48.  Rjmington's  modification  of  the  Maxwell  method  of 
measuring  the  inductance  of  a  coil,  is  a  null  method  and 
avoids  the  successive  adjustments  necessary  in  the  method, 

as  originally  devised 
by  Maxwell.  A  dia- 
gram of  connections 
is  shown  in  Fig.  23; 
My  Ny  and  P  represent 
three  non-inductive 
resistances  for  which 
the  three  arms  of  a 
Wheatstone  bridge 
may  be  used,  while  R 
is  the  coil  whose  in- 
ductance L  is  to  be 
determined.  A^  repre- 
sents the  total  resist- 
ance of  the  arm  a  d^ 
while  n  represents 
only  the  resistance  of  a  portion  de\  consequently,  some  form 
of  adjustable  resistance  must  be  used  for  the  arm^^^so  that 
the  position  of  e  can  be  adjusted  without  in  any  way  altering 
the  total  resistance  from  a  to  d  after  the  proper  total  resist- 
ance for  a  d  has  once  been  deterujined, 


III! 


Pio.23 
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First  balance  the  bridge  in  the  usual  manner  by  closing  Kx 
for  1  or  2  seconds  and  then  K^  adjusting  M^  iV,  and  P  until 
the  galvanometer  G  gives  no  deflection;  from  the  values  of 
M^  Ny  and  P  so  obtained  R  can  be  computed  if  not  already 
known.  It  is  well  to  add  enough  non-inductive  resistance  to 
the  arm  cb  in  series  with  the  coil  Ry  if  its  resistance  is  low, 
so  that  M  may  be  made  equal  to  N\  in  any  case  R  in  the 
formula  to  be  given  will  be  the  total  resistance  of  the  arm 
c  b.  Move  e  along  a  d  until  a  point  is  found  where  no  kick, 
or  deflection,  is  produced  after  first  closing  K  and  then  K^, 
Let  n  be  the  resistance  from  d  \.o  e  after  this  balance  is 
obtained.  The  induction  of  the  coil,  or  arm  c  b,  may  then 
be  calculated  by  the  formula 

L  =  ^^         (21) 

L  will  be  given  in  henry s  when  the  capacity  Cis  expressed 
in  farads  and  the  resistances  «,  R,  and  N  in  ohms. 

It  is  preferable  to  have  an  adjustable  condenser  for  C  so 
that  it  may  be  varied,  if  necessary,  to  assist  in  obtaining 
a  balance  and  also,  in  order  to  obtain  several  values  of  L  for 
various  values  of  C,  from  which  a  mean  value  of  L  may  be 
computed.  In  most  cases  G  may  be  an  ordinary  Thomson 
or  D'Arsonval  galvanometer,  but  if  the  rate  of  change  of 
current  in  the  condenser  C  varies  so  much  from  the  rate  of 
change  of  the  current  in  the  coil  L  as  to  make  G  deflect  in 
spite  of  C  and  L  being  otherwise  balanced,  then  the  time  of 
a  complete  vibration  of  the  system  of  the  galvanometer  must 
be  increased  and  should  not  be  less  than  4  or  5  seconds,  in 
order  that  the  variable  currents  may  settle  down  before  G 
has  time  to  move.  Although  a  ballistic  galvanometer  would 
be  suitable  in  the  latter  case,  its  use  requires  more  time 
and  it  is  not  apt  to  be  as  sensitive  as  a  more  dead-beat 
instrument;  hence,  the  latter  is  to  be  preferred  whenever  it 
can  be  used. 
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AIjTERNATING- CURRENT    METHOD 

49,  To  determine  the  inductance  of  a  coil  with  alternating 
currents  connect  the  coil  c  dy  as  shown  in  Fig.  24,  in  series 
with  an  alternating-current  ammeter  A  and  an  alternating- 

^  current  dynamo Z>,  using 

— vwww 


T500000D" 


if  necessary  an  adjust- 
able resistance  5"  to 
regulate  the  strength  of 
the  current.  Let  L  be 
the  inductance  and  R  the 
resistance  of  the  coil  c  d. 
Across  the  terminals  of 
the  coil  connect  an  alter- 
nating-current voltmeter 
V^  preferably  an  electro- 
static instrument.  Read  A  and  V  as  nearly  simultaneously 
as  possible.  Then  the  inductance,  in  henrys,  may  be  calcu- 
lated from  the  formula 


Fio.24 


L  = 


2;r«/ 


(22) 


in  which  E  =  difference  of  potential  from  c  to  d; 

I  =  current  in  the  coil  c  d; 

R  =  resistance  of  the  coil; 

n  =  frequency  or  number  of  cycles  per  second 
made  by  the  alternating  cvirrent. 
If  E  is  expressed  in  volts,  /  in  amperes,  and  R  in  ohms,  then 
L  will  be  in  henrys.  R  and  n  must,  of  course,  be  known  or 
else  determined.  R  can  be  measured  by  a  Wheatstone  bridge 
or  with  direct  current  and  a  voltmeter  and  ammeter  as  here 
connected;  but  it  cannot  be  calculated  from  the  voltmeter 
and  ammeter  readings  as  obtained  in  this  measurement  with 
alternating  currents.  The  frequency  ;/  =  /  X  ^,  in  which  p  is 
the  number  of  pairs  of  field  ma<rnet  poles  on  the  dynamo  D 
and  s  the  nuinl)er  of  rcviolutions  per  second  made  by  the  arma- 
ture of  the  dynamo.  To  use  this  method  there  must  be  no 
appreciable  electiostatic  capacity  between  the  points  c  and  d^ 
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MISCELI.ANEOUS  MEASUREMENTS  AND 

APPARATUS 


POTENTIOMETER 

50.  The  potentiometer  is  coming  to  be  recognized  in 
America,  as  it  has  been  in  England  and  Europe,  as  one  of 
the  most  accurate  and  satisfactory  arrangements  of  appa- 
ratus for  the  measurement  of  E.  M.  F.  and  current.  It  is  also 
suitable  for  comparing  resistances  that  are  too  low  to  be 
accurately  measured  by  the  ordinary  Wheatstone  bridge. 
There  are  about  as  many  different  arrangements  of  resist- 
ance and  switches  constituting  a  potentiometer  as  there  are 
makers,  but  the  fundamental  principles,  which  we  shall 
explain,  are  practically  the  same  in  all. 

The  principles  of 
the  potentiometer  can 
be  explained  by  the 
aid  of  Fig.  25,  in 
which  ^  is  an  adjust- 
able resistance  whose 
value  need  not  be 
known,  and  D  a  steady 
source  of  E.  M.  F., 
for  which  a  storage  battery  of  one  or  more  cells  answers 
admirably.  The  E.  M.  F.  of  D  must  be  at  least  a  trifle 
greater  than  that  of  B,  Like  poles  of  D  and  B  must  be 
joined  together  at  the  same  end  of  a  very  uniform  bare  wire 
a  by  stretched  over  an  accurately  divided  scale.  The  dis- 
tance ^^  is  usually  divided  into  1,000  or  1,500  equal  parts. 
The  slide  wire  a  b  should  be  of  convenient  lenjjth  and  of 
such  a  size  that  the  current  from  D  will  never  heat  it  appre- 
ciably. It  is  not  convenient  to  make  a  b  very  large  in 
cross-section;  hence,  it  is  always  advisable  to  keep  all  circuits 


Fig.  25 
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open  as  much  as  possible  in  order  to  avoid  a  change  in  the 
resistance  oi  ai  due  to  heating.  G  may  be  almost  any  suffi- 
ciently sensitive  galvanometer,  preferably  1,000  ohms  or 
more  in  resistance. 

At  B  is  first  placed  a  standard  cell  whose  £•  M.  F.  is 
known,  and  the  slider  d  is  set  at  the  division  on  the  scale 
corresponding  to  this  E.  M.  F.  Suppose  that  a  d  is  divided 
into  1,500  equal  divisions  and  that  the  E.  M.  F.  of  the  stand- 
ard cell  B  is  1.431  volts  at  17.7°  C,  its  temperature  when 
the  test  is  being  made.  Then  set  d  at  a  point  1,431  divi- 
sions from  a  and  adjust  J^  until  the  galvanometer  gives 
no  deflection  when  both  circuits  are  closed,  first  at  "7"  and 
then  at  AT.  It  will  be  seen  that  when  G  gives  no  deflec- 
tion the  E.  M.  F.  of  B  must  just  balance  the  fall  of  potential 
from  a  to  d  due  to  the  current  supplied  by  D,  The  battery  B 
is  not  producing  any  current  when  d  is  at  the  proper  point 
on  a  b^  and  hence  the  difference  of  potential  between  a  and  d 
is  exactly  equal  to  the  E.  M.  F.  of  B,  However,  if  d  is  too 
near  a  the  potential  of  B,  being  greater  than  the  fall  of  poten- 
tial from  a  to  d,  will  cause  current  to  flow  from  B  through 
ab  and  C,  thereby  producing  a  deflection  of  the  galva- 
nometer in  a  certain  direction.  If,  on  the  other  hand,  d  is 
too  near  ^,  the  fall  of  potential  from  a  to  </,  due  to  the  cur- 
rent supplied  by  D^  will  be  greater  than  the  E.  M.  F.  of  -^; 
hence,  current  will  then  flow  from  a  through  B  and  G  to  rf, 
X^roducing  a  deflection  of  the  galvanometer  in  the  opposite 
direction  to  that  produced  when  d  was  too  near  a.  When  a 
balance  has  been  obtained  at  exactly  1,431  divisions  from 
ay  a  d   represents    1.431    volts,    and    hence    each    division 

represents  -*— \-  =  TuW,  or  .001  volt. 
1,431 

Any  E.  M.  F.  not  exceeding  1.5  volts  may  now  be  meas- 
ured by  substituting  it  for  the  standard  cell,  at  B^  being 
careful  to  connect  the  positive  terminal,  or  point  of  higher 
potential,  to  a,  where  the  positive  terminal  of  D  is  con- 
nected. Now,  without  disturbing  R  or  any  part  of  the  circuit 
containing  D^  and  with  T  closed,  adjust  d  along  the  slide 
wire  a  b  until  no  deflection  of  the  galvanometer  is  produced 
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on  closing  K,  Suppose  that  the  scale  reads  1,324  at  the 
point  d  where  a  balance  is  obtained.  Then  the  E.  M.  F.  is 
1.324  volts.  If  the  galvanometer  is  sufficiently  sensitive 
d  may  be  adjusted  and  the  scale  read  to  one-tenth  of  a  single 
division,  in  which  case  the  E.  M.  F.  can  be  measured,  by 
estimating  tenths  of  a  division,  to  loioo,  or  .0001  volt. 


Pio.Sft 


51.  Instead  of  having  all  the  resistance  in  one  slide 
wire  ab^  as  represented  in  Fig.  25,  it  is  more  customary  to 
use  a  number  of  equal  resistance  coils  for  parts  or  even  for 
all  of  ab.  One  arrangement  is  shown  in  Fig.  26.  The  slide 
wire  cb^  which  is  25  inches  long,  has  a  resistance  of  2  ohms 
and  is  divided  into  100  equal  parts.  The  resistance  ca  con- 
sists of  fourteen  coils,  each  one  equal  to  the  resistance  of  cb. 


62       ELECTRICAL  MEASUREMENTS       §9 

Since  each  coil  ot  ca  is  equal  to  2  ohms  and  hence  equivalent 
to  100  scale  divisions,  then  the  fourteen  coils  represent 
1,400  scale  divisions  and  cd  100  scale  divisions,  or  1,600  divi- 
sions in  all  from  a  to  d.  Then  each  scale  division  represents 
1 1\  6  of  the  total  resistance  from  a  to  d.  With  one  storagfe 
cell  at  D,  R  may  be  readily  adjusted  to  give  exactly  1.5  volts 
from  a  to  b,  in  which  case  each  division  along  c  b  represents 
TbW  or  .001  volt.  It  will  be  noticed  that  the  resistance  cais 
numbered  from  c  and  c  b  also  from  the  same  point  c.  Since 
tenths  of  one  scale  division  can  be  estimated  and  the  appa- 
ratus is  sufficiently  sensitive  to  detect  a  lack  of  balance  of 
one-tenth  of  a  scale  division,  readings  may  be  made  with 
fair  accuracy  to  10006  volt.  This  arrangement  avoids  the 
use  of  so  long  a  slide  wire,  or  a  slide  wire  of  larger  cross- 
section  may  be  used.  Some  makers  use  a  large  number  of 
coils  of  suitable  resistances,  with  switches  making  contacts 
with  any  coil  desired  in  place  of  the  graduated  wire  and 
sliding  contact.  In  this  way  a  higher  resistance  can  be 
obtained  for  a  3  in  a  more  convenient  sized  case,  the  wear  on 
a  slide  wire  is  avoided  and  fully  as  good  if  not  better  results 
can  be  obtained  with  it.  In  order  to  obtain  balances  without 
difficulty,  and  also  accurate  results,  it  is  essential  that  the 
battery  D  shall  be  very  constant,  that  is,  not  polarize  nor 
rapidly  run  down  even  with  constant  use,  and  contacts  in  this 
battery  circuit  must  be  good,  for  variable  contact  resistances 
in  series  with  D  are  just  as  annoying  and  as  much  a  source 
of  error  as  a  variable  E.  M.  F.  at  /?.  The  E.  M.  F.  of  a 
standard  cell  may  be  relied  on  as  correct  within  a  few  hun- 
dredths of  1  per  cent,  of  its  given  value,  but  in  order  to 
secure  reliable  results  and  to  prevent  permanent  injury  to 
the  cell  it  is  very  necessary  to  avoid  drawing  any  appreciable 
current  from  it.  The  potentiometer  method,  being  a  zero 
method,  requires  no  cturent  from  the  standard  cell  after  a 
balance  has  been  secured.  To  prevent  the  flow  of  any 
appreciable  current  from  the  standard  cell,  a  high  resistance  H 
should  be  included  in  the  standard-cell  circuit  until  a 
balance  has  been  nearly  secured;  that  is,  -during  the  prelimi- 
nary adjustments.    H  should  have  a  resistance  of  10,000  ohms 
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or  more,  but  its  value  need  not  be  definitely  known.  6"  is 
any  suitable  resistance  that  may  be  used  to  shunt  the  galva- 
nometer during  preliminary  adjustments.  The  procedure  is 
to  first  obtain  a  balance  with  the  standard  cell,  then  with  the 
unknown  E.  M.  F.  to  be  measured,  and  again  with  the 
standard  cell.  The  latter  balance  is  taken  as  a  check  on 
the  first  balance.  The  switch  iVis  almost  necessary  in  order 
to  rapidly  shift  the  galvanometer  circuit  from  the  standard 
cell  to  other  sources  of  E.  M.  F. 

52.  To  use  the  potentiometer,  set  J  and  d  to  correspond 
to  the  reading  of  the  standard  cell.  Suppose  that  the  standard 
cell,  at  its  temperature  at  the. time  of  making  the  test,  has  an 
E.  M.  F.  of  1.381  volts.  Then  set  ^upon  coil  13^  represent- 
ing 1.3,  and  </  at  a  point  on  the  scale  marked  81^  thus  7  to  </  is 
equal  to  1,381  divisions,  or  1.381  volts.  To  balance  the 
bridge  adjust  R  until  no  deflection  of  the  galvanometer  G  is 
obtained  when  K  is  closed.  For  the  final  adjustment,  the 
circuit  through  5*  should  be  opened  and  /T  short-circuited. 
It  is  quite  customary  to  supply  two  similar  standard  cells 
for  a  potentiometer,  so  that  one  may  be  used  to  check  the 
other.  A  balance  should  be  obtained  first  with  B  and  this 
balance  checked  with  B',  If  they  do  not  agree  something  is 
wrong  with  one  or  both  standard  cells,  perhaps  their  tem- 
peratures have  changed,  or  the  E.  M.  F.  of  D  has  changed, 
or  the  potentiometer  resistance  somewhere  in  the  circuit 
D-R-b-c-^  has  changed  for  some  reason,  probably  from  a 
change  in  temperature  or  on  account  of  a  poor  or  variable 
contact.  To  measure  the  E.  M.  F.  of  JL,  which  must  not 
exceed  1.5  volts  in  this  case,  turn  N  so  as  to  connect  points 
^  /  to  the  potentiometer.  Terminals  of  D  and  L  of  the  sam& 
polarity  must  be  connected  toward  the  same  end  of  the 
resistance  a  b.  Without  disturbing  the  circuit  D-R-b-a  (for 
the  accuracy  of  the  measurement  depends  on  maintaining  a 
constant  current  in  this  circuit)  adjust  the  positions  of  ^and  d 
until  the  galvanometer  gives  no  deflection,  5*  being  cut  out 
as  before,  for  the  final  adjustment.  Then  the  reading  between 
the  positions  of  J  and  ^/  will  give  the  E.  M.  F.  of  Z,. 
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53.     Mc*usur(*nient  of  Higher  E.  M.  F's. — ^Whenever 

it  is  necessary  to  measure  p<jtential  differences  grreater  than 
that  at  the  terminals  of  the  potentiometer  resistance  a^,  say 
over  l.o  volts,  the  potential  difference  to  be  measured  is 
applied  to  the  terminals  of  a  resistance  (^,  in  Fig.  26)  and 
the  sli<3inj^  potentiometer  contacts  are  connected  by  means 
of  switch  A'' and  movable  contact^  to  other  points  along  the 
same  resistance,  including  between  them  a  resistance  that  is 
an  even  part,  say  iV,  ti*.^,  or  -n/oir  of  the  whole  resistance  of 
Rt.  If  the  fall  of  potential  from  /  to  ^  is  measured  then  that 
from  g  to  o  =  1,^XK)  times  that  from  p  to  o. 

The  measurement  of  currents,  as  in  calibrating  ammeters, 
by  the  potentiometer  is  done  by  measuring  the  difference  of 
potential   at   two   points   on   a   standard   resistance  (-/?,  in 
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Fig.  26),  which,  in  order  to  avoid  inconvenient  calculations, 
should  be  exactly  1,  iV,  loir,  or  timju  ohm.  As  these  low 
resistances  have  to  carry  large  currents,  they  must  be  made 
so  that  they  will  not  heat  to  a  sufficient  extent  to  introduce 
errors.  Knowing  /t*,  and  measuring  the  fall  of  potential  from 
z  to  y,  the  current  in  A\  can  be  calculated  by  Ohm's  law. 

54,     Measurement  of  Iteslstance  by  Potentiometer. 

The  potentiometer  is  suitable  for  the  measurement,  or  com- 
parison, of  low  resistances  that  will  carry  sufficient  current 
to  give  a  good  reading  on  the  potentiometer.  Two  low 
resistances,  a  standard  and  the  one  whose  value  is  to  be 
measured,  must  be  connected,  as  shown  In  Fig.  27,  in  series 
with  an  adjustable  resistance  7^^  and  a  source  of  very  con- 
stant current  /f,  preferably  a  storage  battery,  i?.  is  adjusted 
and  the  number  of  cells  at  /s*  varied  until  the  fall  of  potential 
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from  y  to  2  and  from  ;/  to  v  will  give  suitable  values  to 
be  measured  by  the  potentiometer.  First  obtain  a  balance 
with  y2  connected  to  the  potentiometer  and  then  with  uv. 
The  current  from  E  must  be  the  same  when  balances  are 
obtained  for  y z  and  for  uv  in  order  to  get  accurate  results. 
Then  the  unknown  resistance  is  to  the  standard  known  resist- 
ance as  the  potentiometer  reading  for  «  z/  is  to  the  poten- 
tiometer reading  for  y  2.  If  all  quantities  in  this  proportion, 
except  one  resistance,  are  known,  the  value  of  the  latter  can 
be  computed.  

CALIBRATION    OF    VOLTMETERS 

55.  A  voltmeter  may  be  calibrated  by  connecting  it  in 
parallel  with  a  voltmeter  of  similar  range  whose  readings 
are  known  to  be  correct.  Adjust  the  potential  difference  in 
any  convenient  manner  to  a  suitable  value  and  read  both 
voltmeters  as  nearly  simultaneously  as  possible.  Readings 
may  thus  be  taken  at  as  many  different  points  on  either  scale 
as  desirable. 

Another  way  is  to  connect  the  voltmeter  across  a  suitable 
known  resistance  that  is  in  series  with  a  standard  ammeter, 
or  other  instrument,  by  means  of  which  the  current  can  be 
accurately  measured.  Adjust  the  current  to  give  desired 
readings  on  the  voltmeter  scale  and  read  both  instruments 
simultaneously.  The  known  resistance  multiplied  by  the 
current  flowing  through  it,  as  measured  by  the  ammeter, 
gives  the  number  of  volts  that  the  voltmeter  should  indicate. 

A  third  method,  which  is  very  satisfactory,  requires  the 
use  of  a  potentiometer  and  a  suitable  resistance,  usually 
rather  high,  whose  value  is  accurately  known. 


CAI^IBRATION    OF    VOLTMETER    BY    POTENTIOMETER 

56.  A  very  convenient  arrangement  for  calibrating  a 
voltmeter  by  the  potentiometer  is  shown  in  Fig.  26.  In 
addition  to  the  potentiometer  a  resistance  ^„  sometimes 
called  a  vo/i  dox,  is  used.  The  total  resistance  of  /^,  should 
be  10,0()0  or  15,000  ohms,  divided  as  indicated,  so  that  even 
fractions    of  its   total  resistance  may  be  connected  to  the 
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potentiometer  through  contacts  x  7v  and  switch  JV,  Thus,  the 
range  of  the  potentiometer  may  be  considerably  extended 
and  an  E.  M.  F.  much  higher  than  that  of  D  may  be 
measured.  The  potentiometer  is  first  balanced  with  the 
standard  cell  B  in  the  usual  manner,  placing  the  switch  N 
upon  contacts  /  and  /.  Then  turn  A^  to  xw,  vary  /?,  until 
Af — a  dynamo,  storage  battery,  or  electric-light  or  power 
mains — furnishes  a  current  that  will  cause  the  voltmeter  F, 
which  is  to  be  calibrated,  to  give  the  reading  desired.  Then 
connect  w  to  such  a  point  along  /?„  say  to  /,  that  the  fall 
of  potential  between  p  and  a  will  be  less  than  the  total 
fall  of  potential  from  a  to  ^,  which  is  usually  1.5  volts,  and 
balance  the  potentiometer  by  adjusting  the  position  of 
d  and  J  until  there  is  no  deflection.  Note  the  readings  of 
the  voltmeter  and  potentiometer  when  a  balance  is  obtained. 
The  reading  on  the  potentiometer  scale  from  d  to  y  multi- 
plied by  the  ratio  ^  -  gives  the  fall  of  potential  from  ^  to  ^ 

op 

that  the  voltmeter  should  indicate. 

For  example,  suppose  that  it  is  desired  to  determine  how 
near  the  150- volt  reading  of  a  voltmeter  is  correct.  Balance 
the  potentiometer  with  the  standard  cell  B,  correcting  the 
E.  M.  F.  of  B  for  its  temperature,  and  suppose  that  each 
division  oi  a  d  now  corresponds  to  .001  volt  and  ad  to  1.6 
volts.  Then  turn  switch  N  to  xwy  connect  w  to  p,  the  toit 
part  of  0  q,  adjust  R.  until  V  reads  exactly  150,  and  then  bal- 
ance the  potentiometer  by  adjusting  the  position  of  d.  Sup- 
pose a  balance  is  obtained  with  d  at  1,487,  on  the  scale  of  a  b. 
Then  the  fall  of  potential  from  o  Xo  p\^  1.487  volts  and  the 
fall  of  potential  from  ^  to  ^  is  1.487  X  100  =  148.7  volts. 
Hence,  the  voltmeter  reads  150  —  148.7  =  1.3  volts  too  high 
W'hen  it  points  to  150  on  its  scale. 

A  little  different  procedure  may  be  pursued  as  follows: 
After  balancing  the  potentiometer  with  the  standard  cell  B^ 
turn  switch  A^  to  x  w,  place  d  on  the  point  of  the  scale  cor- 
responding to  the  reading  desired  on  the  voltmeter  and  also 
connect  7v  to  a  suitable  point  along  og^  then  vary  R^  imtil 
the  potentiometer  is  balanced. 
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An  Ayrton  galvanometer  shunt  may  be  conveniently  used 
for  the  resistance  oq.  It  is  often  convenient  to  have  more 
than  three  subdivisions  of  oq^  and  hence  the  Ayrton  shunt 
that  is  made  with  six  subdivisions  (toVo,  toott,  tJot,  toott, 
iWo,  and  iVoo)  is  to  be  preferred.  More  cells  may  be  used 
at  D  and  a  number  of  standard  cells  in  series  at  B  to  g^ive 
the  potentiometer  a  higher  range,  but  this  can  be  applied 
only  to  a  limited  extent  with  a  given  potentiometer,  because 
too  large  a  current  would  overheat  the  resistance  a  b. 

If  the  range  of  the  voltmeter  is  less  than  the  range  of  the 
potentiometer  then  no  resistance  oq  will  be  required;  the 
points  0  and  q  will  then  be  connected  directly  to  x  and  w, 
respectively.  The  desired  reading  on  the  voltmeter  may  be 
obtained  without  the  rheostat  R^  if  a  number  of  cells  at  M  can 
be  suitably  varied. 


CALIBRATION   OF   A  VOLTMETER    BY  FRANKLIN'S    METHOD 

57.  If  a  good  potentiometer  is  not  available,  standard 
cells  may  be  used  to  calibrate  a  voltmeter.  Connect,  as 
shown  in  Fig.  28,  an  adjustable  resistance  R\  a  steady  soiurce 
of  E.  M.  F.  Z?,  preferably  a  storage  battery;  the  voltmeter  to 
be  calibrated  Fand  a  high  resistance  (10,000  or  more  ohms) 
H\  and  adjust  R  until  ll  .  -L  a  *  *  *  a  *  *  i  *  * 


r-^«li'l'lt 


no  deflection  of  the 
galvanometer  G  is 
observed  when  A"  is 
closed.  B  represents 
any  desirable  num- 
ber of  standard  cells. 
Then  the  E.  M.  F.  of 
the  standard  cells, 
corrected  for  tem- 
perature, gives  the  E.  M.  F.  at  the  terminals  of  the  volt- 
meter. By  varying  the  number  of  standard  cells  at  By  as 
many  points,  as  desirable,  on  the  voltmeter  scale  may  be 
calibrated.  The  high  resistance  //  may  be  short-circuited 
and  S  cut  out  for  the  final  adjustment.  The  E.  M.  F.  of  D 
must  exceed  that  of  B, 
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58.  Carhart's  Method. — A  slightly  different  method 
is  as  follows:  Connect  as  shown  in  Fig.  29,  in  which  Z>  is  a 
storage  battery  of  a  sufficient  number  of  cells  to  give  the 
desired  reading  on  the  voltmeter  J\  R  and  /?'  are  adjust- 
able and  known  resistances.  J^'  should  be  preferably,  for  a 
high-reading  voltmeter,  at  least,  as  high  as  100,000  ohms, 

while  the  range  of  /? 
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will  depend  on  the 
number  of  standard 
cells  used  at  B  and 
the  reading  desired 
on  the  voltmeter. 
Adjust  the  resist- 
ances i?,  i?'  until  no 
deflection  of  the  gal- 
vanometer is  pro- 
duced when  the  key 
/T  is  closed,  the  high 
resistance  //  being 
short-circuited  and  5 
open  for  the  final  bal- 
ance. Read  the  voltmeter,  the  resistances  at  i^,  /^\  and  the 
temperature  of  the  standard  cell,  or  cells,  at  B,  Then  the 
reading  of  the  voltmeter  should  be 
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F=  s/£ 


.R  +  R' 


R 


(23) 


in  which  ^  =  E.  M.  F.  of  one  standard  cell  corrected  for 

temperature; 

s  =  number  of  standard  cells  used  at  B, 

The  voltage  may  be  changed  by  varying  the  number  of 

cells  at  D  and  another  balance  obtained. 

For  a  very  low  range  voltmeter  a  slide  wire  can  be  used 

instead  of  the  resistance  boxes  'R,  R'  and  the  point  d  moved 

along  the  slide  wnre  until  no  deflection  is  obtained.     Then, 

R  +  R' 
since        ,.       is  merely  a  ratio,  the  distance  ad  can  be  used 

in  place  of  R  and  a  b  in  place  of  R  -\-  R\  which  assumes  that 
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the  resistance  per  scale  division  is  uniform  all  along;  ab. 
This  assumption  is  usually  made  in  all  slide-wire  bridges 
and  potentiometers.  The  slide  wire  is  suitable  for  calibra- 
ting voltmeters  that  do  not  read  over  3  or  4  volts. 


CALIBllATION    OF    AMMETERS 

59.  An  ammeter  may  be  calibrated  by  connecting  it  in 
series  with  an  ammeter  of  similar  range  whose  readings  are 
known  to  be  correct,  a  source  of  current,  and  an  adjustable 
resistance.  Vary  the  resistance  until  a  desirable  reading  is 
obtained  on  the  standard  ammeter  and  read  both  ammeters 
as  nearly  simultaneously  as  possible.  The  readings  of  the 
ammeter  may  thus  be  compared  at  any  number  of  points 
on  their  scales. 

Another  way  is  to  connect  the  ammeter  in  series  with  a 
copper,  or  silver,  voltameter,  as  explained  in  connection 
with  voltameters,  and  the  current  determined  by  the  volt- 
ameter for  one  reading  of  the  ammeter.  This  is  one  of  the 
most  accurate  methods,  but  it  is  very  slow,  as  the  calibration 
of  a  single  scale  reading  'on  the  ammeter  requires  a  run  of 
at  least  30  minutes,  and  at  least  double  that  time  to  clean 
and  weigh  the  plates  and  make  the  necessary  calculations. 

A  third  method,  which  is  very  satisfactory,  requires  the 
use  of  a  potentiometer  and  a  low  resistance  whose  value  is 
accurately  known.  

CALIBRATION    OF    AMMETER    BY    POTENTIOMETER 

60.  The  connections  for  calibrating  an  ammeter  by  a 
potentiometer  are  shown  in  Fig.  26.  R^  is  a  standard  low 
resistance  of  suitable  value.  The  switch  N  is  first  placed  in 
connection  with  a  standard  cell  B  whose  E.  M.  F.  is  cor- 
rected for  its  temperature,  and  the  potentiometer  is  balanced 
in  the  usual  manner.  The  rheostat  R^  is  adjusted  to  give 
the  lowest  reading  desired  on  the  ammeter  A  and  the 
switch  N  placed  so  as  to  connect  the  potentiometer  to 
the  terminals  of  A\.  Then  J  and  d  are  adjusted  until  no 
deflection  of  the  galvanometer  G  is  obtained  and  the  readings. 
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of  the  ammeter  and  potentiometer  are  simultaneously  noted. 
From  the  potentiometer  reading  is  obtained  the  drop  of 
potential,  in  volts,  from  z  to  y.  This  drop  divided  by  the  resist- 
ance of  Rx  gfives  the  current  flowing  through  the  ammeter/^. 
In  a  similar  manner  other  points  on  the  ammeter  scale  may 
be  calibrated. 

For  example,  if  the  E.  M.  F.  of  the  standard  cell  is  1.431 
volts  at  its  temperature  17.7°  C,  the  contacts  /  and  d  will  be 
set  to  read  1,431  and  R  regulated  to  give  no  deflection  of  C 
Then  with  y  z  connected  by  the  switch  N  to  the  potentiom- 
eter, suppose  a  balance  is  obtained  with  d  at  1,334  and  that 
the  resistance  of  R^  is  iV  ohm;  then  the  current  flowing 
through  the  ammeter  A  will  be  1.334  -r-  iV  =  13.34  amperes. 

Ammeters  for  measuring  large  currents  usually  consist  of 
a  standard  low  resistance,  called  the  ammeter  shunt ^  and  a 
sufficiently  sensitive  instrument  (really  a  very  low  reading 
voltmeter)  connected  to  the  terminals  of  the  shtmt.  In 
calibrating  such  an  instrument,  the  ammeter  shunt,  if  its 
resistance  is  known,  can  be  connected  in  the  place  of  R^  in 
this  figure.  Although  the  instrument  will  be  in  parallel  with 
its  shunt,  nevertheless  its  scale  is  calibrated  so  as  to  read 
directly  the  amperes  flowing  through  the  main  circuit  in 
which  its  shunt  is  connected.  In  this  case  the  instrument 
readings  are  directly  proportional  to  the  difference  of  poten- 
tial between  z  and  y^  but  the  resistance  of  R^  is  constant; 
hence,  the  readings  are  also  proportional  to  the  current  and 
the  scale  can,  therefore,  be  marked  to  indicate  directly  the 
current  in  y  z.  The  resistance  of  ^^  ^  will  be  negligible  com- 
pared to  that  of  the  instrument,  and  hence  the  current  passing 
through  the  instrument  will  be  insignificant  compared  with 
that  through  R^,  

CALIBRATION    OF   AN    AMMETER    BY    FRANKLIN'S    MFTHOD 

61.  A  good  potentiometer  furnishes  the  best  means  for 
calibrating  ammeters  and  voltmeters.  When  a  potentiometer 
is  not  available,  standard  cells  and  a  standard  resistance  may 
be  used  to  calibrate  an  ammeter  by  connecting  it  as  shown  in 
Fig.  30,  in  which  Z>  is  a  steady  source  of  E.  M.  F.,  preferably 
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a  storage  battery,  A  the  ammeter  to  be  calibrated,  R  a  stand- 
ard known  resistance,  and  G  a  high-resistance  galvanometer. 
With  a  suitable  number  of  standard  cells  connected  in  series 
at  B,  adjust  the  resistance  /*  until  the  galvanometer  gives  no 
deflection  when  K  is  closed;  then  the  E.  M.  F.  between  the 
terminals  of  the  standard  resistance  R  is  equal  to  the  E.  M.  F. 
of  the  battery  B  consisting  of  standard  cells.  The  E.  M.  F. 
of  the  standard  cells   should  be  reduced  to  the  observed 
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temperature.  This  E.  M.  F.  divided  by  R  will  give  the  cur- 
rent through  the  ammeter  A.  The  high  resistance  H, 
equivalent  to  about  10,000  or  more  ohms  per  cell  at  B^ 
should  be  short-circuited  and  the  shunt  S  open-circuited 
when  making  the  final  adjustment.  By  the  use  of  a  different 
number  of  standard  cells,  various  points  on  the  ammeter 
scale  may  be  calibrated.  The  E.  M.  F.  of  D  must  exceed 
that  of  B. 


PORTABIiB    TESTING    SETS 

62  •  Portable  testing^  sets  usually  consist  of  compact 
collections  of  instruments  and  apparatus  necessary  for 
making  the  measurements  for  which  they  are  intended.  Thus, 
there  are  portable  Wheatstone  bridge  sets,  cable-testing  sets, 
and  ohmmeters.  They  are  suitable  for  use  in  the  office  as 
well  as  outdoors,  while  some  are  constructed  so  that  the 
ordinary  workman,  knowing  little  or  nothing  about  electrical 
measurements,  may  use  them.     Since  full  directions  for  the 
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use  of  portable  testing  sets,  of  which  there  are  many 
kinds  and  modifications,  usually  accompany  therti,  it  is  not 
advisable  to  attempt  to  give  them  all  here.  However,  as  a 
sample,  it  will  be  well  to  fully  explain  the  use  of  one  port- 
able set  that  is  quite  extensively  used  for  measuring  resist- 
ances of  various  magnitudes  and  for  several  other  purposes. 
It  will  not  be  necessary  to  explain  the  principles  of  the 
various  tests,  as  they  have  already  been  given. 


ACMB    PORTABIiE    8£T8 

63.  The  Acme  portable  testing  set,  which  is  shown 
in  Fig.  31,  is  claimed  by  Queen  &  Co.,  its  makers,  to  be  suit- 
able for  measuring  resistances  over  a  very  wide  range,  and 
with  simple  accessories,  to  be  equally  adapted  to  measure 
insulation  resistance,  compare  differences  of  potential, 
measure  internal  resistance  of  batteries,  check  ammeters  and 
voltmeters,  and  locate  grounds  and  crosses  on  line  circuits. 
The  set,  which  consists  of  a  Wheatstone  bridge,  a  portable 
form  of  D'Arsonval  galvanometer,  the  necessary  keys,  and 
a  battery  of  four  special  dry  cells  is  contained  in  one  portable 
case.  The  coils  of  the  Wheatstone  bridge,  as  in  all  reliable 
bridges,  are  wound  of  platinoid  wire,  having  a  low  and  uni- 
form temperature  coefficient.  The  combined  resistance  of 
the  rheostat  coils  amounts  to  11,110  ohms  and  in  each  bridge 
arm  there  are  three  coils  of  1,  10,  and  100  ohms  and  10,  100, 
and  1,000  ohms,  respectively.  A  special  commutator  allows 
the  use  of  ratios  ranging  from  ruVo  to  ^Y"^.  The  theoret- 
ical range  of  the  bridge  is,  therefore,  from  .001  ohm  to 
11,110,0(X)  ohms,  though  for  resistances  above  1  megohm 
additional  battery  is  required,  because  the  galvanometer  is 
not  then  sufficiently  sensitive.  For  measuring  insulation 
resistances  that  require  more  than  four  cells,  cases  containing 
from  12  to  100  small  and  compact  silver-chloride  cells  may 
be  used. 

Ba  is  a  single-contact  key  and  Ga  a  galvanometer  and 
short-circuit  key.  When  the  latter  key  is  depressed  it  closes 
the  galvanometer  circuit,  and  when  released  it  first  opens  the 
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galvanometer  circuit  and  then  touches  a  top  contact  gy  which 
short-circuits  the  galvanometer,  thereby  bringing  it  to  rest 
almost  instantly.  This  enables  tests  to  be  made  quickly,  as 
no  time  is  lost  waiting  for  a  swinging  needle  to  come  to  rest. 
When  necessary,  external  standard  high  and  low  resistances 
may  be  used  in  connection  with  the  set. 

By  comparing  the  plan  view  of  the  circuits  of  the  Acme  set 
and  the  simplified  diagram  of  it  as  shown  in  Figs.  31  and  32, 
respectively,  with  the  theoretical  diagram  of  the  Wheatstone 


Fig.  31 


bridge,  shown  in  the  preceding  Section,  the  fact  that  the  three 
are  identical  in  principle  will  be  readily  understood. 

The  top  row  of  blocks,  Fig.  31,  is  connected,  inside  the 
case,  to  the  bottom  row  by  a  heavy  wire  or  bar  /.  These 
two  rows,  that  is  dik}>,  constitute  the  rheostat  /?,  in  Fig.  32, 
in  which  any  resistance  from  1  to  11,110  ohms  may  be 
obtained  by  removing  the  proper  plugs.  Each  half  of  the 
middle  row  «,  a  constitutes  a  bridge  arm,  designated  A  and  B^ 
respectively,  as  may  be  seen  by  comparing  Figs.  31  and 
32.  The  two  blocks,  a^a^  Fig.  31,  that  are  common  to  the 
two  bridge  arms,  are  joined  by  a  heavy  wire  /  and  are  also 

43-37 
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connected  to  the  battery  terminal  marked  +•  AH  the  con- 
nections constituting:  part  of  any  arm  of  the  bridge  are  made 
sufficiently  heavy  so  as  to  add  no  appreciable  resistance  to 
the  arms.  One  galvanometer  terminal  is  connected  to  the 
blocks  d  and  R  and  also  to  the  top  contact^  of  the  key  Ga, 
while  the  other  connects  through  the  lever  of  the  key  Ga  and, 
when  depressed,  through  its  lower  front  contact  to  the  block  X 
and  binding  post  C  The  resistances  contained  in  this  set 
form  three  arms  of  a  Wheatstone  bridge;  the  fourth  arm, 
which  is  the  unknown  resistance,  is  joined  to  the  Xor  line 
posts  D,  C  This  is  shown  diagrammatically  in  Fig.  32, 
where  the  corresponding  parts  are  lettered  similar  to 
Fig.  31. 

64,  The  commutator  consists  of  the  blocks  A.B^R,  and  A', 

and  two  plugs.     When  the  plugs  are  in  the  position  shown 

in  Fig.  32  (a),  the  bridge  dsraA  is  connected  to  the  rheostat, 

and  the  bridge  arm  B  to  the  line  or  unknown  resistance  X. 

But  if  the  plugs  have  the  position  shown  in  Fig.  32  (^),  the 

connections  of  the  bridge  arms  are^  interchanged,  the  one 

formerly  connected  to  the  rheostat  now  being  connected  to 

the  line,  and  the  dne  formerly  connected  to  the  line  now 

being    joined   to   the   rheostat;    therefore,    whatever    ratio 

existed  formerly  between  the  bridge  arms  is  reversed.     Or, 

to  put  it  more  conveniently,  when  the  commutator  plugs 

\   A       R 
have  the  position  shown  in  Fig.  32  (a),  —  =  — ;   when  they 

B       X 

have  the  position  shown  in  Fig.  32  (^),  —  =  — . 

B        R 

65.  To  measiu"e  resistance,  connect  the  terminals  of  the 
resistance  to  be  measured  to  the  line  posts  C,  Z>,  as  shown 
in  Fig.  31,  and  place  the  battery  connectors  first  on  the  two 
tips  Oy  1.  This  throws  one  cell  of  the  battery  into  circuit, 
which  is  sufficient  until  balance  is  roughly  attained.  Now 
unplug  the  100-ohm  coil  in  each  bridge  arm,  and  place  the 
commutator  plugs  as  in  Fig.  32  {a)  or  {b).  Remove  plugs 
from  the  rheostat  until  the  aggregate  resistance  unplugged 
is,  as  nearly  as  may  be  guessed,  equal  in  value  to  that  of  the 
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unknown  resistance.  Then  press  the  battery  key,  and,  hold- 
ing that  down,  momentarily  press  the  galvanometer  key.  If 
the  galvanometer  needle  swings  toward  the  +  mark,  let  us 
suppose  that  the  resistance  unplugged  in  the  rheostat  is  too 
high  and  should  be  reduced;  if  the  deflection  is  toward  the 
—  mark,  the  resistance  is  then  too  low  and  should  be 
increased.  By  altering  the  resistance  a  value  will  soon  be 
found  wherein  a  slight  change  either  way  will  reverse  the 
deflection  of  the  galvanometer  needle.  The  rest  of  the  bat- 
tery may  now  be  put  in  circuit  by  moving  one  battery  con- 
nector from  tip  1  to  tip  4.  If  the  keys  be  again  pressed — 
first  the  battery  key, 
then  the  galvanom- 
eter key — a  greater 
deflection  will  be  ob- 
tained than  before 
for  the  same  varia- 
tion in  the  rheostat, 
and  therefore  the 
adjustment  can  be 
made  more  accu- 
rately. With  bridge 
arms  of  equal  value 
this  is  the  best  result 
that  can  be  obtained, 
but  by  selecting  more  suitable  values  for  the  two  bridge  arms 
a  considerably  higher  degree  of  accuracy  may  be  secured. 
The  arrows  and  their  letters  on  the  top  of  the  set  (see  Fig.  31) 
facilitate  the  setting  of  the  commutator  plugs.  If  measuring 
a  high  resistance,  set  the  plugs  in  the  direction  indicated 
by  arrow  H\  if  measuring  a  low  resistance,  set  the  plugs  in 
the  direction  indicated  by  arrow  L. 
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66.  The  bridge  ratio  used  in  any  measurement  is 
important.  Experiment  will  show  the  fact  that  certain 
values  for  the  bridge  arms  give  more  accurate  measure- 
ments than  others.  This  increased  accuracy  of  measurement 
is  in  some  cases  so  marked  as  to  warrant  care  in  selecting 
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the  proper  values.  Table  I  shows  the  values  of  A  and  By 
respectively,  to  be  chosen  when  measuring  any  resistance 
within  the  range  of  the  set."  This  is  applicable  to  about  any 
Wheatstone  bridge  having  the  same  resistances  in  the  rheo- 
stat and  balance  arms. 

tabi;e  I 


Placb  Plugs 

IK  Commutator 

▲8  Shown  xxc 

l,i?  = 

100 

1,  ^  = 

100 

10,  B  = 

100 

Fig.32(*) 

100,  B  = 

1,000 

100,^  = 

100   Fig.  32  (a)  or  (A) 

000,^  = 

100 

100,^  = 

10 

Pig.  32  (a) 

000.^  = 

1 

• 

Below  1.5  ohms,  make  .  .  .  .  ^  « 
Between  1.5  and  11  ohms,  make  A  = 
Between  11  and  78  ohms,  make  A  = 
Between  78  and   1,100   ohms, 

make A  ^ 

Between  1,100  and  6,100  ohms, 

make vi  = 

Between  6,100  andll0,00dohms, 

make ^  =  1,000,^  = 

Between  110,000  and  1,110,000 

ohms,  make B  ^ 

Between    1,110,000  and 

11,110,000  ohms,  make  .   .   B  ^  1,000.  A  = 

67.  In  measuring  very  high  resistances,  it  is  advisable, 
where  considerable  accuracy  is  desired,  to  utilize  (with  the 
proper  care)  an  outside  battery  of  higher  E.  M.  F.,  which 
may  be  done  provided  great  care  is  exercised  to  balance 
carefully  with  its  own  battery  first  and  to  put  not  over  a 
1-ampere  fuse  in  the  circuit.  It  is  impracticable  to  measure 
above  10,000,000  ohms  with  a  small  Wheatstone  bridge, 
partly  because  of  leakage  across  the  bridge  arms,  which 
changes  their  ratio,  and  partly  because  of  leakage  across 
the  line  posts,  which  acts  as  a  shunt  to  the  resistance  being 
measured. 

Low  resistances  may  be  measured  by  arranging  the  com- 
mutator plugs  in  the  direction  of  the  arrow  L  and  using,  for 
very  low  resistances,  the  interpolation  method  explained  in 
connection  with  the  Wheatstone  bridge. 

68.  To  compare  E.  M.  F.*s  the  Acme  set  may  be  arranged 
so  as  to  constitute,  as  shown  in  Fig.  33,  a  potentiometer. 
Connect  all  the  cells  in  the  set  in  series  in  the  usual  way, 
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taking  care,  however,  not  to  reverse  them  by  crossing  the 
battery  cords.  Plug  the  commutator  as  shown  in  Fig.  33  (a), 
and  remove  1,000  ohms  from  bridge  arm  B;  from  the  rheostat 
unplug,  say,  5,000  ohms.  Connect  one  of  the  cells  whose 
E.  M.  F.*s  are  to  be  compared  at  5,  with  its  positive  terminal 
to  the  +  battery  post  and  its  negative  terminal  to  the  line 
post  C     A  simple  diagram  of  the  connections  so  formed  is 


Ba 


II 


ft  l./^AAA/WVL--JWWWVV2- 

'^    -■**-"  Ohms  ^ 


Qif-^0 


■^B 


0»)      iff 

Pig.  33 


shown  at  Fig.  33  (^).  On  pressing  first  the  battery  key  Ba 
and  then  the  galvanometer  key  Ga^  the  needle  swings  one 
way  or  the  other.  A  value  may  quickly  be  found  wherein  a 
variation  in  the  rheostat  arm  di  k  b  of  1  ohm  either  way 
reverses  the  deflection.  To  the  resistance  unplugged  in  the 
rheostat  add  that  unplugged  in  the  arm  B  and  divide  this 
sum  by  the  resistance  unplugged  in  the  arm  B\  this  gives  the 
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ratio  between  the  potentials  of  the  battery  of  the  set  and 
the  cell  tested,  respectively.  This  operation  repeated  with 
any  number  of  cells  gives  their  values  in  terms  of  the 
E.  M.  F.  of  the  battery  in  the  set  from  which  their  relative 
values  may  be  obtained.  If  desired,  standard  celfs  may 
replace  the  battery  in  the  set,  in  which  case  the  first  measure- 
ment gives  at  once  the  value  of  the  E.  M.  F.  of  the  cell  tested 
in  terms  of  the  standard  cells.  This  method  is  identical  in 
principle  with  Carhart's  method  for  the  calibration  of  a  volt- 
meter, which  has  already  been  given.  If  the  E.  M.  F.  of 
the  cell  or  battery  being  tested  exceeds  that  of  the  battery 
in  the  set,  it  is  only  necessary  to  reverse  the  positions  of 
the  two  batteries. 

This  set  may  be  used  as  a  potentiometer  to  calibrate  or 
check  voltmeters  and  ammeters  and  to  determine  the 
E.  M.  F.  and  internal  resistance  of  cells.  To  determine 
the  latter,  first  measure  the  E.  M.  F.  of  the  cell  on  open 
circuit  and  then  when  shunted  with  a  known  resistance. 
This  is  practically  the  volt-and-ammeter  method  for  deter- 
mining the  E.  M.  F.  and  the  internal  resistance  of  cells, 
which  is  described  elsewhere. 

Insulation  resistance  may  be  measured  by  the  aid  of  an 
external  known  high  resistance,  the  direct-deflection  method 
being  used.  The  manner  of  connecting  the  bridge  and  per- 
forming the  various  measurements  are  fully  described  and 
illustrated  by  examples  in  pamphlets  that  accompany  the 
Acme  and  similar  sets. 

OHMMETEBS 

69,  Oliinineters  are  instruments  from  whose  scale  may 
be  directly  read  the  value,  in  ohms,  of  a  resistance  that  is 
being  measured.  The  principle  of  the  slide-wire  ohmmeter^ 
which  is  a  specially  calibrated  slide-wire  Wheatstone  bridge, 
may  be  explained  by  means  of  Fig.  34.  When  a  plug  is 
inserted  at  i,  the  coil  h  constitutes  the  arm  M  and  two  long 
slide  wires  aF  and  Fb,  joined  by  a  bar  F  of  negligible 
resistance,  constitute  two  adjustable  arms  N,  P  oi  z, 
Wheatstone  bridge.     The  telephone  receiver   T  is  held  to 
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the  ear,  the  key  K  closed,  and  the  slide  wire  aFb  touched 
at  various  points  with  the  contact  piece  d  until  a  point  is 
found  where  gently  tapping  the  contact  piece  against  the 
slide  wire  produces  no  sound,  or  at  least  a  minimum  sound 
in  the  telephone  receiver  T,  The  reading  of  the  scale  under 
the  point  so  found  gives  the  resistance  being  measured 
directly  in  ohms.  With  one  fixed  value  for  the  arm  M^  the 
slide  wire  may  be  calibrated  to  read  directly  in  ohms  by 
inserting  known  resistances  at  X^  beginning  with  about 
1  ohm  and  increasing  in  value  until  the  whole  slide  wire  has 
been  calibrated.  The  divisions  per  ohm  are  not,  of  course, 
equal  in  length  but  gradually  decrease  in  length  as  the 
resistance  at  X  increases.  Having  once  calibrated  the  bridge 
wire  with  known  resistances  at  X^  any  unknown  resistance  at 
A'— that  would  bring 
the  balance  point  d 
somewhere  on  the 
bridge  wire — ^may  be 
measured  and  its  re- 
sistance read  directly 
from  the  point  of  bal- 
ance on  the  scale. 

If  a  second  coil  i 
having  exactly  ten 
times  the  resistance  Pio.s* 

of  h  is  used  instead  of  A,  then  the  resistance  being  measured 
will  be  ten  times  the  scale  reading  obtained  by  balancing  the 
bridge.  Similarly,  if  a  third  coil  j  having  a  resistance  of  one- 
tenth  of  h  is  used,  the  resistance  measured  will  be  one-tenth 
the  scale  reading  obtained  by  balancing  the  bridge.  Thus, 
by  means  of  three  fixed  coils  resistances  from  about  .01  to 
200,000  ohms  may  be  measured  directly.  The  lower  and 
higher  resistances  will  not  be  measured  as  accurately  as 
resistances  of  intermediate  values.  On  account  of  the  dif- 
ficulty of  obtaining  a  slide  wire  of  uniform  size  and  resist- 
ance and  the  wear  upon  it,  such  ohmmeters  cannot  be 
expected  to  give  as  accurate  results  as  a  regular  Wheatstone 
bridge.     They  are  convenient  instruments  and  measurements 
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can  be  made  rapidly  with  them.  With  the  addition  of  two 
small  dry  cells,  which  are  usually  fastened  in  the  case,  all 
the  apparatus  required  is  contained  in  one  portable  case. 

70.     1.   K.   S.   OhinmfttT. — A  diagram  of  connections 
!  form  of  slide-wire  ohmmeter  made  by  the  Illinois 


Electric  Specialty  Company,  of  Chicag;o,  is  shown  in  Fig  35. 
The    general   appearance   of    the   instrument   is   shown   in 
Fiff.  116.     A  scale  on  one  side  of  the  slide  wire  is  made  with 
black  ink.     From  this  scale  the  value  of  an  unknown  resist- 
ance   may   be   read 
directly  in  ohms  when 
a  plug  is  in  hole  1, 
When  the  plug  is  in 
hole  2  or  3  the  scale 
reading  is  to  be  mul- 
tiplied  or    divided, 
respectively,    by    10. 
A  scale  on  the  other 
side  of  the  slide  wire 
''"'■^  is  made  with  red  ink. 

The  divisions  on  this  scale  are  equally  spaced,  the  total  length 
of  the  wire  being  divided  into  exactly  one  hundred  equal  parts. 
This  scale  is  very  convenient  for  certain  measurements,  such 
as  the  mere  comparison  of  two  imknown  resistances,  a  prin- 
ciple  that   is   extensively   used   for   locating   grounds   and 
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crosses  on  overhead  and  cable  lines  and  for  other  purposes. 
When  the  instrument  is  to  be  used  for  this  purpose,  the  slide 
wire  on  one  side  of  the  point  of  balance  is  one  arm,  the 
slide  wire  on  the  other  side  a  second  arm,  and  the  external 
resistance  the  remaining^  two  arms  of  the  bridge.  For  such 
tests  none  of  the  coils  h,  2,  j  (see  Fig.  35)  are  needed;  hence, 
the  plug  is  placed  in  an  idle  hole  4. 

71,  Two  inductances  may  be  compared,  provided  the 
resistance  of  each  coil  is  small  compared  to  its  inductance, 
by  connecting  the  coils  X  and  Y  as  shown  in  Fig.  37. 
/  represents  an  induction  coil,  or  other  source  of  alternating 
current,  which  should  preferably  be  used  instead  of  a  battery. 
Obtain  a  balance  by  first  closing  K  and  adjusting  d  until  a 
point  giving  a  minimum  sound  is  found.     In  case  a  battery 
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is  used  across  a  b  instead  of  the  secondary  circuit  of  an 
induction  coil,  the  circuit  must  be  closed  at  d  before  the 
battery  circuit  is  closed.  After  a  balance  has  been  obtained, 
the  inductance  of  X  is  to  the  inductance  of  Y  as  the  length  a  d 
is  to  the  length  db^  the  lengths  ad  and  bd  being  read  off 
the  slide  wire  from  the  red  or  equally  divided  scale. 

Two  capacities  may  be  compared  in  a  similar  manner,  but 
in  this  case  the  capacities  are  inversely  proportional  to  the 
resistances;  that  is,  the  capacity  at  X  is  to  the  capacity  at  Y 
as  the  length  db  is  to  the  length  ad.  In  either  case,  if  one 
inductance,  or  one  capacity  is  known  the  other  can,  of  course, 
be  calculated. 

The  distance  along  a  conductor  to  an  accidental  ground 
may  be   determined   by  connecting  as  shown  in   Fig.  38, 
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the  distance  be  = 


provided  a  srood  wire  a  /,  of  the  same  matenal  and  sise  is 
available  and  can  be  joined  to  the  faulty  wire  ^/  at  some 
point  /  beyond  the  fan  It  e.     Then,  if  ^  is  the  point  of  balance, 

len^h  dd  X  distance  a/d 
len^^h  adl» 

The  resistance  of  electrolytes  may  be  measnred,  as  with 
any  bridjfe,  by  connecting  the  electroljrtic  resistance  in  the 
unknown  arm  of  the  bridg^e  and  usin^^  in  the  place  of  the 
brids^e  battery  an  alternating^  cnrrent  from  an  ordinary 
induction  coil  or  other  source. 


I 
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72.  In  the  I.  E.  S.  ohmmeter,  an  external  view  of  which 
is  shown  in  Fig.  36,  the  battery  key  AT  is  included  in  the 
receiver  case,  so  the  key  can  be  operated  by  the  hand  that 
holds  the  receiver  to  the  ear,  leaving  the  other  hand  free 
to  manipulate  the  contact  piece  d.  The  Illinois  Electric 
Specialty  Company  makes  another  instrument,  in  which  the 
receiver  is  replaced  by  a  sufficiently  sensitive  and  portable 
D' Arson val  galvanometer.  It  is  placed  in  the  base  of  the 
ohmmeter,  there  being  a  rotmd  glass  through  which  the  needle 
may  be  seen.  The  key  in  the  battery  circuit  is  a  small  push 
button  mounted  in  the  hard  rubber  top. 
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COMMERCIAL   INSTRUMENTS 


toIjTmeteks  and  ammeters 

1.     Such  accurate  and  reliable  portable  measuring  instru- 
ments can  now  be  obtained  that  many  measurements  may  be 
made  with  as  great  a  degree  of  precision  and  much  greater 
facility    than    with    the    various    galvanometers   and   other 
apparatus  so  far  described.     The  latter  are  more  suitable 
for  use  in  the  laboratory  than  in  the  shop  or  station.     Some 
of  the  best  portable  in- 
struments made  are  the 
Weston,    the   general 
form  of  which  is  shown 
in   Fig.   1.     They  are 
made    on   the  principle 
of  the  D'Arsonval  gal- 
vanometer, as  shown  in 
Fig.  2.    Fig.  3  shows  the 
magnetic   circuit.     The 
permanent  magnet  A  A 
has  soft-iron  pole  pieces  ''"'■ ' 

P,  P  fastened  to  it  by  the  screws  S,  S,  and  bored  out  to  make 
a  cylindrical  opening.  In  the  center  of  this  opening  a  station- 
ary soft-iron  cylinder  C  is  supported  by  a  screw  M  passing 
through  a  lug  on  the  brass  plate  B.  This  cylinder  being  of 
less  diameter  than  the  opening  through  the  pole  pieces,  a 
narrow  gap  is  left  between  the  pole  pieces  and  the  iron  core. 
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as  shown.  The  lines  of  force  from  the  permanent  magnet 
pass  across  this  gap,  making  a  strong  and  uniform  mag- 
netic field. 

The  movable  part  of  the  instrument  is  shown  in  Fig.  4. 
It  consists  of  a  rectangular  coil  C  oi  fine  wire  wound  on  an 
aluminum  or  thin  copper  bobbin,  which  is  suspended  verti- 
cally between  two  delicate  jeweled  bearings.  Two  flat 
horizontal  spiral  springs  S,  S  oppose  the  tendency  of  the 
coil  to  rotate,  and  at  the  same  time  conduct  the  current  to 


and  from  the  suspended  coil.  A  thin  aluminum  pointer  P, 
attached  to  the  coil,  moves  over  a  scale  and  indicates 
the  deflection  of  the  coil  from  its  normal  position,  which 
is  shown  in  Fig.  2.  When  a  current  is  sent  through  the 
movable  coil,  there  is  a  tendency  for  the  coil  to  rotate 
through  the  ma[;netic  field,  which  it  will  do  until  the 
torsion  of  the  spiral  springs  equals  the  force  with  which 
the  coil  tends  to  move,  then  the  coil  will  come  to  rest, 
and  the  pointer  will  indicate  the  angle  of  deflection  of  the 
coil.    The  magnetic  field  being  practically  uniform,  the  angle 
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of  deflection  is  closely  proportional  to  the  current  in  the  coil, 
so  that  the  scale  divisions  are  very  uniform,  as  shown  by 
Fig.  5,  which  is  a  scale  about  three-fourths  size. 

2.     Dead -Beat  Instruments. — The  copper  or  aluminum 

bobbin  on  which  the 
coil  is  wound,  in  moving 
through  the  magnetic 
field,  has  an  E.  M.  F. 
set  up  in  it  that  causes 
a  current  to  circulate 
around  the  bobbin  as 
long  as  the  bobbin 
moves.  This  current 
circulates  in  the  oppo- 
site direction  to  the  cur- 
rent in  the  coil;  hence, 
it  tends  to  oppose  the 
motion  of  the  coil.  As 
this  tendency  exists 
only  when  the  bobbin 
is  moving,  it  has  the 
effect  of  preventing  the  needle  from  swinging  too  far  over 
the   scale,   thus  bringing  it  quickly  to  rest   at  the  proper 


Ym 


point.  This  damping  ellcct  is  due  almost 
entirely  to  the  currents  generated  in  the 
bobbin.  The  friction  is  so  slight  that  it 
has  practically  no  effect  on  the  position 
the  needle  will  take.  This  is  shown 
by  the  fact  that  the  needle  having  been 
deflected  by  a  current  will  respond  to 
very  minute  variations  in  that  current; 
that  is,  the  instruments  are  very  sensi- 
tive. An  instrument  possessing  the  Fio.  * 
feature  of  coming  to  rest  quickly  at  the  proper  point  is 
known  as  a  dead-beat  instrument;  thi^  is  a  very  important 
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feature,  for  it  assists  the  rapidity  of  taking  measurements 
very  materially. 

3.  The  moving  system  is  practically  the  same  for  all 
direct-current  Weston  ammeters  and  voltmeters.  If  the 
instrument  is  designed  for  a  voltmeter,  a  high  resistance, 
located  in  the  back  of  the  case,  is  connected  in  series  with 
the  movable  coil;  if  for  an  ammeter,  for  measuring  all  except 
small  currents,  the  movable  coil  is  connected  in  parallel  with 
a  short,  thick  piece  of  copper  or  some  alloy,  called  an 
ammeter  shunt,  so  that  only  a  small  part  of  the  current  passes 
through  the  movable  coil,  and  the  resistance  of  the  instru- 
ment, that  is,  the  joint  resistance  of  the  shunt  and  the 
movable  coil,  is  extremely  low.  By  reason  of  this  extremely 
low  resistance  of  the  ammeters  and  the  high  resistance  of 
the  voltmeters,  they  consume  very  little  energy  and  may  be 
left  continuously  in  circuit  without  undue  heating. 

70     ao 
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For  example,  a  15-ampere  Weston  ammeter  has  an  internal 
resistance  of  .0022  ohm;  when  measuring  a  10-ampere  cur- 
rent, the  drop  (IR)  is  .022  volt,  and  the  watts  expended 
(IE)  =  .22,  or  about  t^Vo  horsepower.  The  resistance  of 
a  150-volt  voltmeter  is  about  18,000  ohms.     Measuring  110 

volts,  the   instrument  would  take  --— —  =  .0061  ampere, 

18,000  ^ 

nearly,  with  a  consumption  of  energy  of  .671  watt,  nearly,  or 

about  T-iVir  horsepower. 

The  conducting  parts  of  the  instrument  are  made 'of  an 

alloy  having  a    very  low   temperature    coefficient,  so   that 

moderate  changes  in  the  temperature  of  the  instrument  do 

not  affect  its  readings  appreciably.     Beneath  the  needle  just 

inside  the  scale  is  a  mirror.     On  looking  down  on  the  needle, 
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by  getting  the  needle  directly  over  its  image  in  the  mirror, 
errors  due  to  not  getting  the  needle  in  line  with  the  scale 
(known  as  paral /ax)  are  eliminated.  These  several  features 
make  these  instruments  very  reliable  and  convenient  for 
making  all  sorts  of  electrical  measurements,  and  as  they 
may  be  obtained  in  a  great  variety  of  ranges,  their  use  is 
very  general.  

AMMJCTEBS 

4,     The  interior  of  a  Weston  direct-current  ammeter 

is  shown  in  Fig.  6.  The  current  entering  the  instrument  at 
binding  post  A  passes  directly  to  a  copper  plate  «,  and 
thence  through  a  number  of  parallel  circuits  to  the  plate  d, 
from  which  it  passes  to  the  binding  post  B,  The  parallel 
circuits  between  the  two  plates  consist  of  wire  wrapped  non- 
inductively  arotmd  the  permanent  magnet  e;  they  are  shown 
by  the  dotted  lines  in  the  figure.  .  The  magnet  serves  merely 
as  a  convenient  support 
for  the  wires.  The  coil  c 
is  also  connected  across 
the  two  plates.  The 
joint  resistance  of  the 
non- inductively  woxmd 
wires  is  so  proportioned 
as  to  allow  the  neces- 
sary amount  of  current 
to  flow  through  the  coil  c 
to  cause  the  proper  de- 
flection of  the  coil  and 
pointer/. 

Except  for  measuring  small  currents  it  is  not  customary 
to  send  all  the  current  through  the  swinging- coil;  in  fact,  it 
has  already  been  shown  that  in  the  ordinary  Weston  ammeter 
part  of  the  current  passes  through  non-inductively  wound 
coils  that  shunt  the  swinging  coil.  For  measuring  large 
currents  it  is  not  practical  to  even  include  this  shunt  resist- 
ance in  the  same  case  with  the  rest  of  the  instrument. 
An  ammeter  shunt  is  shown  in  Fig.  7.     It  has  a  very  low 
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resistance  and  a  large  surface  so  that  it  may  keep  cool 
by  l)eing  able  to  radiate  the  heat  generated  in  it  by  the 
current.  The  ammeter  shunt  is  always  connected  in  series 
in  the  circuit  in  which  the  current  is  to  be  measured.  For 
example,  supp>ose  that  we  wish  to  measure  the  current  sup- 
plied by  dynamo  A, 


Fig.  8,  to  whatever 
circuits  may  be  con- 
nected across  the  so- 
called  bus-bars  B  C, 
The  ammeter  shtmt 
5*  will  be  connected 
in  series  with  the 
dynamo,  as  shown, 
and  two  small  wires 
ly  2  join  the  termi- 
nals of  the  shunt  to 
the  ammeter  M.  As 
a  result  only  a  small 


Fig.  7 


portion  of  the  current  passes  through  the  instrument  Af.  But 
as  the  resistances  of  the  shunt  and  ammeter  are  fixed  with 
regard  to  each  other,  the  current  through  the  ammeter  will 
always  be  a  fixed  proportion  of  that  in  the  main  circuit,  and 
the  scale  may  be  marked  so  as  to  read  the  main  current  and 
not  the  current  actually 
flowing  through  the  instru- 
ment. The  instrument  and 
shunt  may  be  placed  at 
convenient  points  and  con- 
nected together  by  the 
light    flexible   conductors, 

which  are  usually  sent  out  U         L 

with  the  shunt  and  should  ^'°-  * 

never  be  altered  in  length.  If  they  are  too  long,  they  should 
be  coiled  up  out  of  the  way;  if  too  short,  another  shunt  with 
long  enough  leads  and  its  corresponding  instrument  should 
be  obtained.  The  object,  of  course,  is  to  use  leads  of  exactly 
the  same  resistance  with  a  given  shunt  and  its  instrument. 
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Fig.  7  shows  the  ordinary  type  of  ammeter  shunt.  It  con- 
sists of  the  two  terminals  a,  a  connected  together  by  the  flat 
strips  b^  which  are  made  of  an  alloy  that  has  practically  a 
constant  resistance  regardless  of  ordinary  temperature 
changes;  Cy  c  are  the  small  flexible  conductors,  or  cables, 
that  run  to  the  instrument.  The  shunts  and  instruments  are 
always  numbered  to  correspond,  and  care  should  be  taken  to 
see  that  these  numbers  agree  before  connecting  the  instru- 
ments. Many  makes  of  ammeters  other  than  the  Weston 
are  used  in  connection  with  shunts. 

5.  The  raii|2:e  of  an  ammeter  may  be  increased  by  con- 
necting a  shunt  across  its  terminals.  Let  R  be  the  resistance 
of  an  ammeter,  5*  the  resistance  of  a  shunt  connected  around 
the  ammeter  terminals,  /  the  highest  reading,  that  is,  the 
present  range  of  the  ammeter,  and  /',  the  range  desired.  To 
produce  the  same  reading,  the  current  and  fall  of  potential 
through  the  ammeter  itself  must  be  the  same  with  as  without 
the  shunt,  the  drop  through  the  shunt  will  be  exactly  the 
same  as  that  through  the  ammeter,  and  the  current  /'  in  the 
main  circuit  minus  the  current  /  in  the  ammeter,  will  be  equal 
to  the  current  (/'  —  /)  in  the  shunt. 

To  produce  the  same  reading  /  with  and  without  a  shunt 
it  is  necessary  that  5  (/'  —  I)  =  R  I\  hence, 

Hence,  to  increase  the  range  of  an  ammeter,  having  a 
resistance  of  R  ohms,  from  /to  /'  amperes,  a  shunt  5* whose 
resistance  may  be  calculated  by  the  formula  just  given  must 
be  connected  across  the  ammeter  terminals.     When  shunted, 

the  indicated  reading  must  be  multiplied  by  —  to  give  the 

total  current  flowing  in  the  main  circuit. 

Example. — (a)  What  resistance  shunt  must  be  used  with  an  amme- 
ter whose  resistance  is  .0022  ohm  and  whose  maximum  reading  is 
15  amperes,  in  order  that  currents  up  to  135  amperes  maybe  measured? 
(b)  By  what  factor,  or  constant,  must  the  scale  readings  be  multiplied 
to  give  the  current  in  the  main  circuit  when  the  shunt  is  used? 

43—38 
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SoLcnOK. — (a)  By  substituting  in  the  formnU  S  =    „  _   -  we  get 

S.:5gJ<j2..co0275oh„.    A«. 
(d)    The  scale  readings  miiBt  be  multiplied  by -jr  =  9-    Ans. 

TOLTMETBR8 

6.     The  Weston  voltmeter.  Pig.  9,  is  based  on  the  same 
principles  as  the  Weston  ammeter,  and  in  appearance  is  qnite 
similar  to  it.     Its  internal  resistance,  as  in  all  voltmeters,  is 
exceedingly^  large;  for  indicating  up  to  150  volts  it  is  about 
18,000  ohms,  while  the  resistance  of   a  Weston  ammeter, 
measuring   currents  up  to  16  amperes,  is  only  .0022  ohm. 
It  will  be   seen  that,   owing   to    the   great   resistance,   the 
current  passing  through  a  voltmeter  is  exceedingly  small. 
For   example,   when   indicating  150  volts,   the   current,  by 
Ohm's   law,  is   only   150  -h  18,000  =   .0083   ampere.       All 
voltmeters  are  provided 
with   at   least  two   ter- 
minals, or  binding  posts 
fi,/>'.  Fig.  9.      Conduct- 
ors,   called     voltmeler 
leads,    connect   them    to 
the  two  points  between 
which  the  difference  of 
potential,  or  the  E.  M.  F., 
is  to  be  measured. 
Weston   voltmeters 
'■  usually   have    a    third 

binding  post/",  which  when  used  with/'  give  deflections  that 
must  be  read  from  a  graduated  scale  situated  directly  under 
the  upper  scale.  The  upper  scale  is  usually  some  even  mul- 
tiple of  the  lower  scale.  For  instance,  a  voltmeter  with  a 
range  of  1.50  volts  may  have,  when  using  the  third  binding 
post,  a  range  of  15  volts,  and  hence  the  divisions  on  the  upper 
scale  will  have  ten  times  the  value  of  those  on  the  lower  scale. 
The  majority  of  voltmeters  are  also  provided  with  a 
contact  button  b,  which  when  pressed  closes  the  circuit  and 
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allows  the  index  needle  to  be  deflected  by  the  current. 
When  the  pressure  on  the  button  is  relaxed,  the  circuit  is 
opened  and  the  index  needle  returns  to  the  zero  mark. 
With  some  voltmeters  the  circuit  may  be  kept  closed  by 
depressingf  the  button 
and  then  giving  it  a 
little  turn  to  one  side. 
In  Fig.  10  is  shown 
the  working  parts  of  a 
single-scale,  Weston, 
direct-current  volt- 
meter. The  resistance 
coil  a  is  wound  non- 
inductively ,  one  terminal 
being  connected  to  the 
binding  post  a'  and  the 
other  to  the  coil  c  that  ^®'  ^° 

is  free  to  turn  about  a  vertical  axis.  From  the  other  end  of 
this  coil  the  circuit  is  completed  through  the  key  to  the 
binding  post  d, 

7.  The  range  of  a  voltmeter  may  'be  increased  by  con- 
necting a  resistance  in  series  with  the  voltmeter.  Let  R  be 
the  resistance  of  the  voltmeter,  R'  the  resistance  connected 
in  series  with  it,  Fthe  highest  reading  of  the  voltmeter,  and 
V^  the  highest  reading  desired.  To  produce  the  same  read- 
ing in  each  case  the  current'  must  be  the  same;  hence, 
F  .  V^  Rf  +  R        V^      R' 

~R  '' 


R'  +  R' 


R 


V'     R 


^'       1 


-<^ 


■) 


(2) 


When  the  resistance  R^  is  connected  in  series  with  the 
voltmeter,  the  scale  readings  must  be  multiplied  by  —  to 

give  the  difference  of  potential  across  both  the  added  resist- 
ance and  the  voltmeter,  that  is,  across  the  circuit  whps^ 
difference  of  potential  is  being  measured. 
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Example. — (a)  What  resistance  must  be  connected  in  series  with  a 
voltmeter  whose  highest  reading  is  150  volts  and  whose  resistance  is 
18,000  ohms  in  order  to  use  it  to  measure  up  to  600  volts?  (d)  By  what 
constant  must  its  scale  readings  be  multiplied  to  give  the  potential 
difference  across  both  the  voltmeter  and  resistance? 

Solution. — (a)    By  substituting  in  the  formula  /^  =  /^l j^ — I , 

we  get  ^  =  18,000 /^j^^^^  =  54,000  ohms.    Ans. 

{d)     The  scale  readings  must  be  multiplied  by  HS  =  4.    Ans. 

8.  Double,  or  tvro-scale,  voltmeters  are  usually  con- 
nected internally  as  shown  in  Fig.  11.  The  resistance  of  the 
non-inductive  coil  a  b  together  with  that  of  the  movable  coil 
(that  is,  from  a  to  p')  may  be  15,000  ohms  for  the  15-volt  scale 
and  the  total  resistance  from  p  to  p'  150,000  ohms.  Since 
from  /  to  ^  is  ten  times  the  resistance  from  p''  to  p'^  it 
follows  that  ten  times  the  potential  difference  will  be  required 
between  p  and  p  as  between  p^'  and  /'  to  give  the  same  cur- 

^^*...w^  rent    through    the    movable 

""  coil  and  the  same  deflection 

of  the  pointer.  When  using 
a  double-scale  voltmeter,  care 
must  be  taken  not  to  apply 
too  high  a  voltage  to  the  ter- 
minals of  the  lower  resistance 
coil  that  is  associated  with 
the  lower  reading  scale.  For 
instance,  if  125  volts  is  con- 
^f"  nee  ted  to  the  15-volt  ter- 
minals, the  instrument  may 
be  ruined  by  the  excessive  current  that  will  flow  through  it. 
If  in  doubt  about  the  value  of  the  potential  to  be  measured, 
use  the  higher  reading  scale  first;  then,  if  the  reading  is  less 
than  the  highest  reading  on  the  lower  reading  scale,  use  the 
other  terminal  and  the  lower  reading  scale. 

9.  The  Cardow  voltiii€?ter  is  an  instrument  that  meas- 
ures a  current  or  difference  of  potential  by  the  heating  effect 
of  the  current.  In  it  a  long  wire,  usually  made  of  some 
platinum  alloy,  has  one  end  fastened  to  the  dial  end  of  a  long 
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tube;  the  wire  then  passes  over  a  pulley  at  the  opposite  end 
of  the  tube  and  back  to  the  dial  end.  A  spring  attached  to 
the  middle  of  the  wire  keeps  it  stretched  taut.  When  a  cur- 
rent is  sent  through  the  wire,  the  heat  caused  by  its  passage 
expands  the  wire;  the  increase  in  length  is  taken  up  by  the 
spring,  and  the  motion  of  the  middle  of  the  wire  that  is 
attached  to  the  spring  is  transmitted  to  a  pointer  by  suitable 
multiplying  gear,  so  that  the  motion  of  the  pointer  over  the 
dial  is  a  measure  of  the  amount  of  expansion  of  the  wire. 

The  wire  is  usually  of  small  diameter  and  considerable 
specific  resistance,  so  that  it  has  resistance  enough  to  allow 
the  instrument  to  be  used  as  a  voltmeter  for  potentials  less 
than  about  100  volts  without  external  resistance.  This  volt- 
meter may  be  used  either  for  alternating  or  direct  currents, 
is  remarkably  dead  beat,  and  simple  in  construction.  Its 
internal  resistance  is  low  for  a  voltmeter,  and,  in  consequence, 
it  takes  considerable  current,  enough  in  many  instances  to 
seriously  affect  some  conditions  of  an  experiment.  This 
instrument  has  no  particular  law  of  deflections  by  which  the 
scale  is  divided;  the  principal  divisions  are  determined  by 
comparing  the  instrument  with  a  standard,  and  the  inter- 
mediate divisions  interpolated. 

There  are  several  instruments  made  on  this  principle,  com- 
monly known  as  hot-wire  instruments;  the  Cardew  and  Stanley 
are  the  most  widely  known  in  the  United  States. 


MEASUREMENTS    WITH    VOLTMETERS    ANI>    AMMETERS 

10.  Many  of  the  measurements  described  as  being  made 
with  some  form  of  galvanometer  can  be  made  with  good 
commercial  instruments.  In  the  Weston  instruments,  the 
terminals  of  the  ammeter  are  both  on  the  same  (right)  side 
of  the  instrument  (see  Fig.  1),  and  are  made  large  and 
heavy,  while  in  the  voltmeters  the  terminals  are  on  opposite 
sides  (see  Fig.  9),  are  made  small,  and  are  usually  covered 
with  rubber,  in  order  that  they  may  be  handled  without 
danger  from  shocks. 

Measurements  of  current  strength  or  difference  of  potential 
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are  very  simple.  To  measure  the  number  of  amperes 
flowing  in  a  circuit,  it  is  only  necessary  to  connect  an 
ammeter  of  proper  capacity  in  series  with  the  rest  of  the 
circuit  and  read  the  amperes  directly  from  the  position  of 
the  pointer  on  the  scale.  The  difference  of  potential  between 
two  points  in  a  circuit,  or  the  E.  M.  F.  of  a  battery,  or  other 
source  of  E.  M.  F.,  may  be  readily  measured  by  connecting 
the  terminals  of  a  voltmeter  of  suitable  range  to  the  proper 
points  of  the  circuit  and  reading  the  voltage  direct. 

11.     Measurement  of  Current   by  Ammeter. — The 

methods  of  connecting  voltmeters  and  ammeters  for  meas- 
uring difference  of  potential  and  currents  in  various  circuits 
should  be  thoroughly  understood.  Suppose,  for  example, 
that  it  is  desired  to  determine  the  strength  of  current  flowing 
from  the  battery  B  in  Fig.  12,  through  the  circuit  and  the 


TllllHr 


sssmfmmf 


PiO.  12 


Pio.  18 


difference  of  potential  produced  between. the  ends  /,  H  of 
an  unknown  resistance  by  means  of  an  ammeter  and  volt- 
meter. C,  C  represent  conductors  of  negligible  resistance 
for  making  the  necessary  connections.  The  first  step  is 
to  determine  the  strength  of  the  current  flowing  in  the 
circuit  by  the  use  of  an  ammeter.  Assuming  that  the  bat- 
tery is  constant,  that  is,  that  the  E.  M.  F.  developed  in  it 
does  not  vary,  appreciably,  then  as  long  as  the  resistance  of 
the  circuit  is  not  altered,  the  strength  of  the  current  will 
remain  unchanged  and  will  be  the  same  in  all  parts  of  the 
circuit.  Hence,  if  an  ammeter  is  inserted  in  any  part 
of  the  circuit,  as  shown  in  Fig.  13,  it  will  measure  the 
strength  of  current  flowing  through  the  entire  circuit. 
As  has  been  stated,  the  internal  resistance  of  the  ammeter 
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should  be  so  small  that  its  insertion  makes  no  appreciable 
changfe  in  the  total  resistance  of  the  circuit,  and  therefore 
does  not  to  any  extent  affect  the  current  flowing.  For  con- 
venience, assume  that  the  strength  of  the  current  flowing 
in  the  circuit  is  found  to  be  1.2  amperes.  The  next  opera- 
tion *is  to  find  the  E.  M.  F.  required  to  drive  a  current  of 
1.2  amperes  through  the  resistance  /-/';  or,  in  other  words,  to 
find  the  difference  of  potential  between  the  terminals  /,  /' 
when  a  current  of  1.2  amperes  is  flowing  in  the  circuit. 
This  is  accomplished  by  connecting  the  terminals  /,  t'^ 
Fig.  14,  of  the  unknown  resistance  R^  to  the  two  binding 
posts  Pip' ol  the  voltmeter  V Mhy  two  voltmeter  leads  /,  P. 
Any  small  wires  of  reasonable  length  can  be  used  for  volt- 
meter leads,  as  the  current  they  transmit  is  exceedingly 
small,  owing  to  the  extremely  high  resistance  of  the  volt- 
meter. After  pressing  the  contact  button,  assume  that  the 
needle  indicates  a  potential  of  6  volts;  this,  then,  is  the 
E.  M.  F.  required  to  force  a  current  of  1.2  amperes  through 
the  unknown  resistance  R;  or,  in  other  words,  the  difference 
of  potential  between  the  terminals  /  and  Z'  is  6  volts. 

12.     Measurement  of  Resistance  by  Voltkneter  and 
Ammeter. — From  the  readings  of  the  current  and  voltage,' 
as  obtained  in  the  last  article  and  by  the  application  of  Ohm's 
law,  the  resistance  R  of  the  cir-  .  .    . 

cuit  between  /  and  /'  can  be  de-     i  +l'l'  'l"^ 

termined.  It  has  been  shown 
that  a  current  of  1.2  amperes  I 
flowing  through  the  resistance-^ 
produces  a  difference  of  poten- 
tial at  the  ends  of  .^  of  6  volts; 
hence,  from  Ohm's  law,  R  = 

-r  =  ---  =  o  onms.  „     .. 

/       1.2  P'®- 1^ 

When  the  voltmeter  is  connected  as  shown  in  Fig.  14,  the 

ammeter  measures  the  current   through   the   voltmeter   in 

addition  to  the  current  through  the  resistance  R,     For  very 

accurate  results  the  current  through  the  voltmeter  should  be 


%  QQQQQQQ.Q.QOQ,Q 


14 


ELECTRICAL  MEASUREMENTS 


§10 


calculated  and  then  subtracted  from  the  ammeter  reading:. 
The  current  through  the  voltmeter  is  equal  to  its  own  read- 
ing divided  by  its  own  resistance.  Hence,  if  /  is  the  current 
flowing  through  the  ammeter,  E  the  reading  of  the  volt- 
meter, and  R^  its  resistance,  the  current  through  the  resist- 

E       ^^         r.  E 


ance  R  is  equal  to  /  — 


r: 


Then  R  = 


-I 


The  current 


~-  is  generally  so  small  compared  to  /  that  the  correction  is 
Kv 

not  necessary  in  ordinary  work. 

Instead  of  connecting  the  voltmeter  from  /  to  /',  as  shown 
in  Fig.  14,  it  may  be  connected  as  shown  in  Fig.  15.  The  volt- 
meter then  measures  the  fall  of  potential  through  the  ammeter 

in  addition  to  the  fall  of  poten- 
tial through  the  resistance  R. 
For  very  accurate  results  the 
fall  of  potential  through  the 
ammeter,  when  the  voltmeter  is 
connected  so  as  to  include  the 
ammeter,  should  be  subtracted 
from  the  voltmeter  reading.  If 
E  is  the  voltmeter  reading  when 
connected  from  /  to  C,  /  the 
ammeter  reading,  and  R^  the  resistance  of  the  ammeter,  I R^ 
is  the  fall  of  potential  through  the  ammeter,  hence  the  fall 
of  potential  through  the  resistance  R  only  would  be  ^5"  —  I Ra. 

*E  —  I R 
Then  R  ^  — — ;  — *.    The  drop  through  the  ammeter  is  gen- 
erally so  small  compared  to  E  that  this  correction  is  not 
necessary  in  ordinary  work. 

The  voltmeter  and  ammeter  are  generally  connected  as 
shown  in  Fig.  14,  although  more  correct  results  may  usually 
be  obtained  by  connecting  the  voltmeter  so  as  to  include  the 
ammeter  with  the  resistance,  as  shown  in  Fig.  15;  because 
the  resistance  of  the  ammeter  is  so  small  that  neglecting  the 
drop  througli  it  usually  introduces  less  of  an  error  than 
neglecting  the  current  through  the  voltmeter  in  spite  of  the 
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high  resistance  of  the  latter.  In  any  particular  case,  when 
the  resistances  of  the  two  instruments  are  known,  or  can  be 
measured,  a  little  calculation  will  show  which  method  will 
introduce  the  least  error.  For  very  accurate  results  it  may 
be  necessary,  to  apply  the  corrections  indicated  above,  which- 
ever method  of  connecting  is  employed.  Electrostatic 
voltmeters  consume  no  current.  With  such  a  voltmeter 
connected  as  shown  in  Fig.  14,  no  correction  would  be 
required  and  the  correct  resistance  of  R  would  be  obtained 
by  dividing  the  voltmeter  reading  by  the  ammeter  reading. 
Such  a  voltmeter  should  never  be  connected,  as  shown  in 
Fig.  15,  so  as  to  include  the  drop  through  the  ammeter  with 
that  through  the  resistance  to  be  measured. 

13.  By  using  instruments  of  the  proper  range,  very  low 
or  very  high  resistances  may  be  measured.  Fig.  16  shows 
a  way  of  measuring  a 
very  low  resistance — in 
this  case  a  section  of 
copper  rod.  Here  a  cur- 
rent from  the  battery  By 
measured  by  the  am- 
meter A,  flows  through 
the  section  of  copper 
rod  R;  the  drop  between 
the  points  C  and  D  is 
measured  by  the  volt- 
metfjr  F.  As  the  drop 
through  a  short  section 
of  copper  rod  will  be 
very  slight,  except  with  an  enormous  current,  a  voltmeter 
capable  of  measuring  very  small  differences  of  potential  must 
be  used.  They  may  be  had  to  measure  from  0  to  .05  volt, 
such  an  instrument  being  known  as  a  millivoltmeter. 

Example. — If,  in  Fig.  16,  the  reading  of  the  ammeter  be  34.5 
amperes,  and  that  of  the  millivoltmeter  be  .00875  volt,  what  is  the 
resistance  of  the  copper  rod  between  C  and  Df 


Pig.  16 


SOLUTJON. —       R  =    J    — 


.00875 
35.4 


=  .000247  ohm.    Ans. 


/ 
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This  fall-o£-potential  method  may  be  used  to  measure  the 
resistance  of  dynamo  or  motor  armatures.  The  current  that 
is  used  in  making  the  measurement,  and  which  may  be  sup- 
plied by  a  storage  battery  or  from  lighting-  or  power-circuit 
mains,  should  preferably  be  made  equal  to  the  current 
that  is  generated  by  the  dynamo  or  supplied  to  the  motor 
when  in  regular  use.  The  circuit  is  connected  through  a 
suitable  ammeter  to  two  diametrically  opposite  bars  of  the 
commutator,  to  which  the  voltmeter  is  also  attached,  as 
shown  io  Fig.  17.  It  Is  advisable  not  to  connect  the  volt- 
meter wires  to  the  brushes,  but  to  attach  them  by  the  screws, 
or  by  mere  pressure,  to  the  ends  of  the  armature  wiresi 


as  shown,  in  order  not  to  include  the  contact  resistaiiW  at 
the  brushes.  The  resistance  of  each  coil  in  the  annatiSce 
may  also  be  determined  by  connecting  the  voltmeter  wireS^v 
successively  with  adjacent  commutator  bars.  As  to  what  ■ 
portion  of  the  whole  current  passes  through  any  one  coil  will 
depend  on  the  way  in  which  the  armature  has  been  wound. 
The  same  method  may  also  be  used  to  measure  the  resist- 
ance of  station  or  switchboard  ammeters  or  their  shunts. 
The  millivoltmeter  is  connected  to  the  binding  posts  of  the 
station  ammeter  and  a  standard  ammeter  is  connected  in 
series  with  the  station  ammeter.  Another  application,  for 
which  a  millivoltmeter  is  especially  well  adapted,  is  the 
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location  of  bad  contacts  occurring  in  switches,  cut-outs,  safety 
devices,  joints,  etc.,  on  switchboard  wiring  and  leads.  In 
such  cases  the  fault  is  shown  by  an  excess  of  the  deflection 
of  the  needle  over  the  amount  to  be  expected  under  ordinary 
circumstances. 

High  resistances  may  be  measured  in  a  similar  manner  by 
using  a  low-reading  ammeter  (milammeter)  and  a  high- 
reading  voltmeter. 

14.  Resistance  Measurement  With  Voltmeter  and 
KnoTvn  Resistance. — A  resistance  R  may  be  measured  by 
connecting  it  in  series  with  a  battery  or  dynamo  B  and  with  a 
known  resistance  -/?', 

'  'i|i|i|i|i  I  III  I 
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t 
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as  shown  in  Fig.  18. 
This  is  practically 
the  fall  -  of  -  potential 
method,  using  a  volt- 
meter in  place  of  a 
galvanometer.  With 
the  voltmeter  first 
connected  across  the 
ends  of  -/?',  as  shown 
in  the  figure,  let  the  reading  be  E^  volts;  with  the  voltmeter 
connected  across  the  ends  of  the  unknown  resistance  Ry  let 
the  reading  be  E  volts;  then  R  :  R^  =  E  :  E\  or 


Pio.  18 


R  = 


R'E 


(3) 


For   instance,   if  R'  =  .26   ohm,   E'  =  2.6   volt,   and   E 

=  3.69  volts,  then  R  =  '^^  ?^/'^^  =  .369  ohm. 

2.6 

If   R'  is  very  different  from  R^  for  instance  very  small 

compared  with  R,  it  is  sometimes  more  convenient,  if  one 

has  a  double-scale  voltmeter,  to  measure  E  on  the  higher 

reading  scale  and  E'  on  the  lower. 

15.  High -Resistance  Measurement  With  Volt- 
meter.— High-reading  voltmeters  may  be  used  to  measure 
very  high  resistances,  such  as  insulation  resistances.     The 
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method  of  connecting  up  for  such  a  test  is  shown  in  Fig;.  19, 
in  which  R  is  the  insulation,  or  high  resistance,  to  be  meas- 
ured; B  C  B.  battery  or  other  source  of  E.  M.  F.,  which  should 

be  as  high  as  convenient,  as 


iiii 


-^WWW^ 


r      ^'  '  '  '  C        \  long  as  it  is  within  the  range 

of  the  voltmeter  VAf,  and  A', 
a  switch  for  short-circuiting 
the  resistance  R.  As  the 
resistance  of  the  switch  A'  is 
practically  nothing,  it  is  evi- 
dent that  when  it  is  closed 
the  voltmeter  is  connected 
directly  to  the  terminals  of 
the  battery  and  will  measure 

its  E.  M.  F.,  and  when  the  switch  JC  is  open  the  resistance  R 

is  in  series  with  the  voltmeter.     The  formula  for  finding  the 

value  of  jR  in  ohms  is 


Fio.  19 


J!  .  .(I  -  l)  (i) 


where  d    —  deflection  of  voltmeter  with  the  resistance  R  not 

in  circuit; 
deflection    of  voltmeter  with   resistance  R   in 

circuit; 
resistance  of  voltmeter. 


d,  = 


r    = 


Note, — This  formula  is  derived  as  follows:  The  diflFerence  of 
potential  across  the  terminals  of  the  battery  must  remain  practically 
constant  during  the  test.  Then  the  drop  through  the  voltmeter,  when 
the  switch  A' is  closed,  is  equal  to  the  drop  through  both  the  voltmeter 
and  resistance  A*  in  series,  when  the  switch  A'  is  open.  Let  /  be  the 
current  through  the  voltmeter  and  d  the  reading  when  the  switch  IC 
is  closed,  and  let  A  be  the  current  and  di  the  reading  when  the 
switch  A'  is  open.  Then  /r  =  A  i^  +  A  r.  As  the  deflection  of  the 
voltmeter  needle  is  proportional  to  the  current,  this  may  be  written 

dr  =  di/^  -{-  dir;    or,    dr  —  d^r  =  d^R\    or,  -7 A—  =  R\  or, 

— r  =  K\  hence,  r(-r  —  l)  =  R^  which  is  the  formula  given. 

Example. — If  the  E.  M.  F.  of  the  battery,  as  measured  by  the  volt- 
meter, is  100  volts,  and  the  deflection,  when  the  resistance  to  be 
measured  is  in  circuit,  is  40  volts,  what  is  the  value  of  that  resistance 
in  ohms  if  the  resistance  of  the  voltmeter  is  18,000  ohms? 
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Solution.— In  this  case  d  =  100,  d^  =  40,  r  =  18,000.  Then,  by 
the  formula  R  =  r(, —  1), 

R  =  18,000  (YiT  -  1)  =  18,000  X  1.5  =  27,000  ohms.    Ans. 

16.  Insulation-Resistance  Measurement  With  a 
Voltmeter,  —  One  of  the  most  convenient  methods  for 
measuring  the  insulation  resistance  of  telephone,  telegjaph, 
electric-light,  power  circuits,  and  dynamos  and  motors  is  the 
voltmeter  method,  for  the  measurement  may  be  made  while 
the  system  is  in  operation,  no  complete  or  partial  shutting 
down  of  the  system  being  necessary.  The  only  instrument 
required  is  a  reliable  commercial  voltmeter-  Suppose  that 
we  have  a  lighting  circuit,  as  shown  in  Fig.  20  («),  where 


J 
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■ 


(a) 
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Z?  is  a  dynamo,  A  A  and  B  B  the  mains,  and  /  the  lamps. 
If  the  main  A  A  or  B  B  becomes  grounded  by  accidentally 
rubbing  against  wet  trees,  posts,  metal  pipes,  or  grounded 
telegraph  or  telephone  wires,  the  insulation  between  the 
wire  A  A  ox  B  B  and  the  ground  will  be  poor;  if  both  sides 
of  the  circuit  happen  to  be  poorly  insulated,  waste  current 
will  flow  from  one  side  to  the  ground  and  then  to  the  other 
side.  This  current  is  not  only  a  loss  but  it  may  cause  fire 
or  other  damage  along  its  path  to  earth,  and  it  should  be 
stopped  if  appreciable. 
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Let  Ra  represent  the  joint  resistance  of  all  leakage  paths 
between  the  main  A  A  and  the  ground,  and  R^  the  same 
between  B  B  and  the  ground.  First  connect  a  suitable  volt- 
meter between  the  mains,  as  at  ef,  and  let  the  reading  be 
Vn,  volts.  Then  connect  the  same  voltmeter  between  G  and 
the  main  A  A  by  closing  switch  5"  on  contact  a,  and  let  this 
reading  be  Fa  volts.  Finally  turn  5  to  ^,  thereby  connect- 
ing the  voltmeter  F  between  G  and  BB,  and  let  the  reading 
be  F*  volts.  To  obtain  the  last  reading,  it  will  be  necessary, 
with  most  voltmeters,  to  reverse  the  connections  at  the  volt- 
meter in  order  to  make  the  needle  deflect  in  the  right 
direction.  If  r  is  the  resistance  of  the  voltmeter  and  R  the 
joint  resistance  of  all  possible  paths  between  both  mains  and 
the  ground,  the  insulation  resistance  of  the  whole  system 
will  be  r      T7  1* 

If  the  insulation  resistance  of  one  side  is  extremely  high 
and  the  other  side  is  poorly  insulated  or  partially  grounded, 


*This  formula  may  be  derived  as  follows:    The  joint  resistance  of 

jp    w   jp 

all  paths  between  the  two  mains  and  the  ground  is  ^  =  -^—, — b^i  since 

re  a  -r  ■"  * 
the  resistance   A*a   between  A  A  and  ground  is  in  parallel  with  the 
resistance  Rb  between  B  B  and  ground.     When  the  voltmeter  is  con- 
nected between  A  A  and  C,  r  and  ^a  are  in  parallel  with  each  other 
and  in  series  with  R^y  and  since  the  fall  of  potential  along  a  circuit 

T  ^  R      f  y  R 

varies  directly  as  the  resistance,  then  F«  :  F«  =  — —-^  :  — —^  -f  R^ 


or  Va  =  F. 


ry.Ra 

^  X  Ra     ,      n 


Similarly,  when  the  voltmeter  is  con- 


nected   between    B  B  and    (7,    we    have    F*  =  ^ 


r-\-Rs 


r  X  Rb   ,    r> 


Adding    the    two    equations    and    simplifying,  we    get    ^  -f  f^   = 
rr>    ,    >3V".    D^y~ir    •     Then,  taking  the  reciprocal  of  each 

r  \J<a  +  l<b)   -T  ^a  X  J<b  J 


[ 

member  gives  ^^  j  ,,^  =  ^^  [l  +  ^^^^\^  =  ^  (^  +  t)  '  ^•' 
ff  +-|  =  ^.    Solving  for  R,  we  get  >?  =  r  [^--y^  -  l] . 


§10  ELECTRICAL  MEASUREMENTS  21 

the  voltmeter  reading  between  the  partially  grounded  side 
and  the  ground  will  be  practically  zero,  because  there  is  no 
path  for  any  current  back  to  the  well-insulated  main.  For 
instance,  if  -^  -^  is  poorly  insulated  but  the  insulation  resist- 
ance oi  B  B  is  very  high,  the  reading  Va  obtained  with  the 
voltmeter  connected  between  A  A  (the  faulty  side)  and  the 
groimd  will  be  practically  zero  and  the  above  formula  reduces 

to  ^  =  r  \~j  —  1    (which   is   the    same   as   formula   4). 
L  ^*     -J 

Hence,  to  measure  the  insulation  resistance  of  one  side  of  the 
system  only,  it  will  be  necessary  to  take  two  readings  only, 
one  between  the  two  mains  and  the  other  between  the  good 
side  and  the  ground.  If  the  reading  between  each  side  and  the 
ground  is  zero,  the  circuit  is  free  from  grounds  and  leaks 
and  the  insulation  resistance  is  too  high  to  be  measured  by 
the  voltmeter  used.  It  is  usually  best  to  make  the  test  for 
both  sides.  If  the  line  A  A  is  dead-grounded  at  some  point, 
Fi  will  be  found  equal  to  Vm  and  consequently  the  insulation 

Vm 

resistance  7?  will  be  practically  zero.  If  the  ratio  -j^  is  very 
much  larger  than  1,  the  formula  reduces  approximately  to 
R  ^  r  (-rr)»  ^  form  that  is  often  used  for  rough  or  approxi- 
mate work. 

The  resistance  r  of  the  voltmeter  is  generally  marked  on 
the  voltmeter  box,  or  case.  If  the  voltmeter  has  two  scales 
and  the  reading  Va  or  Vb  is  less  than  the  largest  reading  on  the 
lower  reading  scale,  it  is  evident  that  a  more  accurate  reading 
may  be  obtained  by  using  the  lower  reading  scale.  In  the 
formula,  r  will  be  the  resistance  of  the  coil  used  in.  obtain- 
ing the  reading  Va  or  F*.  The  resistance  of  the  coil  used 
in  obtaining  the  reading  Vm  will  not  enter  into  the  result. 
Care  must,  of  course,  be  used  to  avoid  connecting  the 
smaller  coil  across  the  mains,  for  if  this  is  done  the  smaller 
coil  will  probably  be  burned  out. 

When  this  test  is  to  be  made  repeatedly  a  very  convenient 
arrangement  is  shown  at  (^).  The  double-throw  switch  D 
is  so  connected  as  \o  make  the  voltmeter  deflect  in  the  proper 
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direction  whether  connected  to  « ,  by  throwing  the  switch  to 
the  left,  or  to  b  by  throwing  the  switch  to  the  right.  All 
switches  and  connections  should  be  very  much  better  insu- 
lated than  the  system  to  be  tested  and  the  voltmeter  readings 
should  be  taken  one  after  the  other  as  quickly  as  possible,  as 
the  formula  assumes  that  all  readings  are  observed  simul- 
taneously. Slight  variations  in  the  E.  M.  F.  of  the  source  of 
supply  do  not  affect  the  result  very  materially,  and  when  an 
approximately  constant  E.  M.  F.  is  available  from  an  electric- 
lighting  circuit  or  other  source,  insulation  tests  may  be  made 
with  great  facility  by  merely  connecting  the  voltmeter  in  series 
with  the  E.  M.  F.  and  the  insulation  resistance.  On  the 
assumption  that  the  E.  M.  F.  has  a  constant  (known)  value, 
a  table  may  be  prepared  showing  the  insulation  resistance 
corresponding  to  various  deflections  of  the  voltmeter. 

17.  The  insulation  resistance  of  a  dynamo  may  be 
measured  in  the  same  way  as  that  of  a  line  circuit.  Sup- 
pose the  pressure  to  be  150  volts.  One  binding  post  of  the 
voltmeter  is  connected  to  the  proper  terminal  of  the  dynamo 
(while  running)    and  the  other  one  to  earth  as   shown  in 

Fig.  21.  If  on  closing  the  key, 
or  switch,  K  momentarily,  the 
needle  of  a  150  voltmeter  is  not 
deflected  appreciably  from  its 
zero  position,  it  is  certain  that 
the  insulation  of  the  machine 
is  quite  high.  The  same  test 
should  be  made  on  the  other  ter- 
minal of  the  machine.  If  there 
is  a  deflection,  the  insulation  resistance  of  the  machine  may 
be  calculated  in  the  same  manner  as  the  insulation  of  a 
line  circuit.  The  line  circuit  should  be  disconnected  from 
the  machine  while  taking  the  readings,  otherwise  the  com- 
bined insulation  resistance  of  the  machine  and  line  will  be 
obtained. 
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E.  M.  F.  OF    C£I:LS 

18.     Wheatstone's  Metbod  Using:  a  Voltmeter. — The 

connections  for  comparing^  the  E.  M.  F.*s  of  voltaic  cells 
by  Wheatstone's  method,  usingf  a  voltmeter  in  place  of  a 
galvanometer,  are  shown  in  Fig.  22.  Suppose  that  the 
E.  M.  F/s  of  two  cells  to  be  compared  are  £i  and  £,.  First 
connect  Ex  so  as  to  be  in  series  with  the  voltmeter  V 
and  the  resistance  ^,  and  note  the  reading  d  when  the 
key  A^  is  closed.  Then  increase  the  external  resistance,  l^y 
opening  the  key  A',  by  r^  ohms,  and  note  the  deflection  d\ 
Repeat  these  two  observations  with  the  cell  £,  connected  in 
place  of  Ex.  First  make  the  resistance  /^  of  such  a  value  as 
to  give,  with  the  key  JC 
closed,  exactly  the  same 
deflection  d  as  with  the  cell 
Eij  then  open  the  switch  A' 
and  make  the  additional 
resistance  r,  of  such  a 
value  as  to  give  exactly 
the  same  deflection  d^  as 
under  similar  conditions 
with   the   cell  E^.     Then, 

If  Ej,  is  smaller  than  ^„  the  resistance  of  the  voltmeter  itself 
may  be  taken  for  ^j.  It  is  preferable  to  make  r^  about  twice 
as  large  as  the  combined  resistance  of  E^  and  Ri.  It  is  not 
necessary  that  the  internal  resistance  of  the  cells  should  be 
small  compared  with  the  resistance  of  the  voltmeter.  This 
method  is  correct  to  about  1  per  cent,  with  a  suitable  voltmeter. 

Example. — With  the  switch  A'  closed,  let  the  total  resistance  in  cir- 
cuit with  a  cell  Ei  be  600  ohms  and  the  reading  d  1.45  volts.  With  K 
open  and  a  resistance  of  1,200  ohms  at  r,  let  the  reading  d^  be  .48  volt. 
Then  another  cell  E^  is  inserted  in  the  circuit  in  place  of  Ei.  With 
the  key  /i  closed,  the  resistance  in  circuit  with  the  cell  had  to  be 
increased  to  636  ohms  to  give  a  deflection  d  equal  to  1.45  volts;  and 
with  the  key  /C  open,  the  resistance  at  r  had  to  be  increased  to 
1,275  ohms  to  give  the  deflection  d^  equal  to  .48  volt.  What  is  th^ 
relative  value  of  the  E.  M.  F.'s  of  the  two  cells? 
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Solution.— We  have  E^:  E,  ™  r^:  r,  or  Ex:  E^  =  1,200  :  1,275. 
Hence,  E^  —  1.0625  Ex.  If  Ex  is  known,  the  value  of  Et  can  be 
calculated. 

19.  Volt-and- Ammeter  Method. — By  this  method 
both  the  internal  resistance  and  the  E.  M.  F.  of  the  cell  may 
be  determined  from  the  same  observations,  and,  moreover, 
the  measurements  may  be  made  when  the  cell  or  battery  is 
generating  current  at  its  normal  or  desired  rate.  It,  there- 
fore, may  be  made  to  give  the  internal  resistance  under 
normal  working  conditions.  The  connections  for  this  method 
are  shown  in  Fig.  23,  in  which  A  is  an  ammeter  and  Fa  volt- 
meter of  suitable  ranges,  R  a  resistance  of  such  a  value  that 
the  battery  ^  to  be  tested  will  furnish  its  normal  amount  of 
current,  and  K  a  switch  or  key.  Let  B  be  the  internal  resist- 
ance of  the  battery,  /  the 
current  measured  by  the 
ammeter  A,  E  the  E.  M.  F. 
of  the  cell  measured  by 
the  voltmeter  V  when  the 
key  K  is  open,  and  V  the 
difference  of  potential, 
also  measured  by  the  volt- 
meter Vy  at  the  terminals 
of  the  cell  when  the  key  K 
is  closed  and  /amperes  are 
flowing  through  R.  The 
resistance  of  the  voltmeter 
should  be  at  least  a  thousand  times  that  of  the  battery,  or, 
better,  several  thousand  times.  The  ammeter  must  be  of 
so  small  a  resistance  as  to  allow  the  battery  to  work  at  its 
normal  rate  of  output,  and  it  is  better  that  the  ammeter 
resistance  should  be  very  low. 

With  the  key  K  open,  read  the  voltmeter.  This  will  be  E^ 
the  E.  M.  F.  of  the  battery  when  practically  no  current  is 
flowing;  that  is,  when  the  battery  is  practically  on  open 
circuit.  Then  close  the  key  K  and  immediately  read  simul- 
taneously, or  as  nearly  so  as  possible,  both  the  ammeter  and 
tb'e   voltmeter.     These    two   readings   give   the   current   / 
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and  the  difference  of  potential  Vat  the  battery  terminals 
when  /  amperes  are  flowing  through  the  circuit.  Then, 
-£"  —  F  is  the  drop  or  fall  of  potential  necessary  to  drive 
the  current  /  through  the  battery  against  the  internal 
resistance  B.  But  this  fall  of  potential,  by  Ohm's  law, 
is  B  X  f;  hence, 

B  =  ^^        (6) 

This  is  the  internal  resistance  at  an  output  of  /  amperes. 
At  another  rate  it  may  be  different.  If  the  total  resistance  /^ 
external  to  the  battery  is  known  the  ammeter  will  not  be 

necessary,  for  the  current  /  is  equal  to  —  and  can,  therefore, 

be  calculated. 

It  may  be  mentioned  here  that  the  internal  resistance  as 
well  as  the  difference  of  potential  between  the  terminals  of  a 
cell,  when  it  is  closed  through  an  external  resistance,  are  not 
constant  quantities,  but  depend  on  the  strength  of  the  cur- 
rent passing  through  the  cell.     This  current,  which  is  equal 

y 
to  — ,  may  be  regulated  as  required  by  adjusting  J^.     The 
/? 

key  /C  is  generally  kept  closed,  and  is  opened  only  as  long 

as  is  necessary  to  observe  the  value  of  £. 

Example. — With  the  switch  /C  open,  the  voltmeter  read  1.5  volts. 
With  the  switch  /T  closed,  so  that  the  current  from  the  cell  B  could 
flow  through  a  resistance  ^  of  4  ohms,  no  ammeter  being  used,  the 
voltmeter  read  1.35  volts.  What  are  the  E.  M.  P.  and  the  internal 
resistance  of  the  cell? 

Solution. — The  E.  M  V,  E  ot  the  cell,  which  is  g^ven  directly  by 
the  voltmeter  when  the  switch  K  is  open,  is  1.5  volts.     The  internal 

E  —  y 

resistance  of  the  cell  may  be  computed  by  the  formula  B  =  — y — , 

y 
In  this  example  /  =  -^.     Substituting  this  for  /  and  then  substituting 

the  values  of  the  various  quantities  in  the  resulting  formula,  we  get 
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MKASUREMENT    OF    POWER 

20.     The  power  expended  in  a  direct-current  circuit  may 

be  determined  by 
measuring^  the  cur- 
rent and  the  differ- 
ence of  potential,  the 
product  of  these  two 
measurements  giving 
the  power  expended. 
Such  measurements 
can  be  readily  made 
with  a  voltmeter  and 
an  ammeter.  One 
way  to  connect  a  volt- 
meter  and  an  am- 
meter for  determin- 
ing the  power,  in 
^  watts,  expended  in  a 
o  circuit  is  shown  in 
^*  "^  Fig.  24.  The  am- 
meter A  and  volt- 
meter Fare  connected 
in  the  circuit  so  as 
to  measure  the  power 
consumed  by  the 
group  of  lamps  L, 
The  ammeter  A  is 
connected  in  series  in 
the  circuit  in  such  a 
position  as  to  meas- 
ure the  total  cur- 
rent supplied  to  the 
lamps  L,  Notice 
that  it  does  not  meas- 
ure the  current  sup- 
plied to  the  motor  J/,  nor  to  the  lamps  /,,,  nor  even  to  the 
voltmeter  V,     The  voltmeter  is  connected  so  ^s  to  measure 
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the  difference  of  potential  across  the  circuit  a-b  to  which 
the  g^oup  of  lamps  is  connected.  The  power,  in  watts, 
expended  in  the  lamp  circuit  L  would  be  considered  as  the 
product  of  the  readings  of  the  voltmeter  and  ammeter,  the 
two  being  read  as  nearly  simultaneously  as  possible.  With 
the  voltmeter  connected  as  shown  in  this  figure,  it  measures 
the  drop  of  potential  through  the  ammeter  in  addition  to  the 
drop  of  potential  through  the  lamps,  and  hence  the  power 
determined  in  this  manner  is  not  absolutely  correct,  being  a 
little  too  large.  If  ^^is  the  resistance  of  the  ammeter,  /the 
ammeter  reading,  and  E  the  voltmeter  reading,  the  true  drop 
of  potential  through  the  lamps  =  E  —  I  Ra  and  the  watts 
consumed  by  the  lamps  only  =  I  {E  —  IRa)- 

If  the  voltmeter  is  connected  across  nc,  the  ammeter -<4, 
measures  the  current  through  the  voltmeter  V^  in  addition  to 
the  current  through  the  lamps  /.,,  and  consequently  the 
product  of  the  two  meter  readings  will  not  give  the  exact 
power  consumed  by  the  lamps,  being  a  little  too  large.  If 
Rv  is  the  resistance  of  the  voltmeter,  E  the  reading  of  the 

voltmeter,  and  /  the  reading  of  the  ammeter,  the  current 

/r 
flowing  through  the  lamps  =  /  — ^  and  the  watts  consumed 

Rv 


by  the  lamps  only 


-('-0 


Although  the  correct  results  can  be  calculated,  as 
explained,  by  allowing  for  the  drop  through  the  ammeter  A^ 
or  for  the  current  through  the  voltmeter  Fi,  as  the  case  may 
be,  it  is  seldom  necessary  to  do  so  in  practical  work  and  it  is 
customary  to  consider  the  product  of  the  voltmeter  and  amme- 
ter readings  as  correct  enough.  More  accurate  results  may 
usually  be  obtained  with  the  instruments  connected  as  shown 
at  A  and  V  than  as  shown  at  Ai  and  V^,  When  an  elec- 
trostatic voltmeter,  which  requires  no  current  whatever,  is 
used,  the  voltmeter  should  be  connected  across  n  c,  for  the 
product  of  the  two  readings  then  gives  the  correct  number 
of  watts  consumed  by  the  lamps  only. 

21,  If  the  power  consumed  by  the  motor  M  only  is  to  be 
determined,  the  ammeter  A^  should  be  connected  in  series 
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with  the  motor  only,  for  instance,  somewhere  between  di^  and 
the  voltmeter  F.  across  de.  If  the  total  power  expended  in  all 
the  lamps  and  the  motor  is  to  be  determined,  the  ammeter  A^ 
should  be  connected  in  series  with  the  dynamo  D^  so  as  to 
measure  the  current  for  both  the  motor  and  all  the  lamps; 
for  instance,  it  could  be  inserted  in  the  main  circuit  some- 
where between  the  points  e  and^,  and  the  voltmeter  F.from 

0  to  py  so  as  to  measure  the  total  drop  through  the  entire 
(external  circuit.  The  power  expended,  in  watts,  will  be  con- 
sidered as  the  product  of  the  ammeter  and  voltmeter  readings. 
The  power  developed  by  the  dynamo  is  equal  to  the  power 
expended  in  the  motor  and  lamp  circuits  and  in  the  main 
leads  n  o  and  h  p. 

Voltmeters  and  ammeters  cannot  be  used  in  this  manner 
to  determine  directly  the  power  consumed  in  alternating- 
current  circuits. 

The  resistance  of  the  lamp  circuit  L  may  be  calculated 
from  the  readings  of  the  voltmeter  V  and  ammeter  A^  but 
the  resistance  of  the  motor  circuit,  when  the  motor  is 
running,  cannot  be  calculated  in  a  similar  manner  because  all 
the  power  consumed  by  the  motor  is  not  used  in  overcoming 
simple  electrical  resistance.  Moreover,  it  would  not  be  safe 
to  hold  the  motor  still  and  apply  the  potential  used  in 
running  it  unless  considerable  extra  resistance  is  connected 
in  series  with  the  motor  armature.  A  direct-current-motor 
armature  usually  has  a  very  low  resistance,  much  less  than 

1  ohm  even,  and  the  potential  ordinarily  used  to  run  it  will 
soon  bum  out  the  armature  if  it  cannot  revolve  at  nearly  its 
normal  speed.  It  follows  that  the  total  resistance  of  this 
circuit,  or  any  circuit  to  which  running  motors  are  con- 
nected, cannot  be  calculated  from  the  readings  of  a  volt- 
meter and  ammeter  when  the  motor  is  running. 


§10  ELECTRICAL  MEASUREMENTS  29 

BEEBeCKNS  dtvamoueter 

22.     An  instrument  that  may  be  used  for  measming  cur- 
rents, E.  M.   F.'s,   and  power  on  both  direct-  and    alter- 
□atine-carrent   circuits    is    the    Blemeus    dynamometer. 
This  instrument  is  constructed  on  the  principle  that  a  coil 
of  wire  carrying  a  current  will  tend  to  rotate,  if  suspended 
in  a  magnetic  field  in  which  the  direction  of  the  tines  of 
force  are  not  parallel 
with  the  plane  of  the 
coil.    The  working 
parts  of   this  instru- 
ment,  one    form    of 
which   is    shown   in 
Fig.  25,   consists   of 
two  rectangular  coils 
of  wire,  one  of  which 
A   is   fixed    and   the 
other  B   movable. 
The  normal  position 
of   the  movable  coil 
is  with   its  plane   at 
right   angles   to   the 
plane  of  the  fixed  coil. 
It  is  suspended  in 
this  position  by  jewel 
bearings   or   some-  , 
times  by  a  fiber.  Con- 
nection is  made  to  the 
coil  B,  which  is  free 

to  swing  a  limited  ^°-^ 

amount,  by  means  of  two  mercury  cups  c,  c'  into  which  the 
ends  of  the  coil  dip.  To  the  top  of  tliis  coil  is  attached  a 
light  helical  spring  d,  the  other  end  of  which  is  attached  to  a 
milled  nut  e,  called  the  torsion  head.  A  pointer  attached 
to  this  head  moves  over  the  circular  scale  /,  A  second 
pointer  g  attached  to  the  swinging  coil  is  opposite  a  zero 
mark  on  the  scale  when  this  coil -is  at  right  angles  to  the 
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fixed  coil.  When  no  current  flows  through  the  instrument, 
both  pointers  stand  at  the  zero  point  of  the  scale;  but,  on 
the  passag^e  of  a  current  through  both  coils,  the  swinging 
coil  is  slightly  deflected,  its  motion  being  limited  by  stops 
not  shown  in  the  figure.  The  fixed  coil  is  usually  wound  in 
two  parts  of  unequal  number  of  turns  and  size  of  wire; 
either  coil  may  be  used,  thus  varying  the  range  of  the 
instrument.  

USE    OF    DTNAMOMETER 

23.  Measurlnsr  a  Current. — When  a  current  flows 
through  the  two  coils,  the  mutual  action  of  the  coils  tends 
to  move  them  into  parallel  planes.  The  effect  is  to  rotate 
the  movable  coil  about  its  vertical  axis;  but  by  turning  the 
milled  nut,  a  tension  may  be  put  on  the  spring  that  will 
return  the  coil  to  its  original  position.  The  force  exerted 
by  the  spring  on  the  coil  is  proportional  to  the  angle 
through  which  the  milled  head  attached  to  the  spring  is 
turned;  so,  the  pointer  attached  to  the  milled  head  e  indi- 
cates the  force  required  to  pull  the  coil  back  to  its  central 
position.  This  force  is  proportional  to  the  product  of  the 
two  currents  in  the  two  coils.  If  the  coils  are  connected  in 
series  so  that  the  same  current  flows  through  both  coils,  the 
rotating  force  is  proportional  to  the  square  of  the  current. 
That  is,  if  the  two  coils  are  connected  in  series,  doubling 
the  current  in  one  coil  doubles  it  in  the  other,  so  the  mutual 
force  of  both  coils  is  doubled,  and  the  force  acting  on  the 
movable  coil  is  quadrupled;  hence,  the  torsion  of  the  spring 
necessary  to  bring  the  pointer  on  the  swinging  coil  back  to 
zero,  is  proportional  to  the  square  of  the  current.  That  is, 
/*  :  Ij*  =  d  :  di;  in  which  /  is  the  current  producing  the 
deflection  d,  and  A  the  current  producing  the  deflection  di. 

The  Siemens  dynamometer  is  usually  calibrated  to  read 
amperes  by  connecting  both  the  fixed  and  movable  coils  in 
series  with  a  standard  direct-current  ammeter.  The  current, 
in  amperes,  is  measured  by  the  ammeter  and  the  torsion 
required  to  keep  the  movable  coils  in  its  zero  position  is 
measured   by   the    scale  on  the  dynamometer,  the  current 
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being  reversed  and  the  mean  of  two  readings  being  used. 
The  current  for  any  one  reading  may,  of  coiu-se,  be  deter- 
mined by  any  reliable  method ;  for  instance,  by  the  copper-  or 
silver-voltameter  method,  then  any  other  reading  of  the 
dynamometer  will  vary  as  the  square  of  the  current  pro- 
ducing it.     Since  Z/  \  I*  ^  d^  :  d,  then  /  =  — ^  V^,  or 

I  =  k^d  (7) 

in  which  k  may  be  called  the  constant  of  the  instrument  and 
is  experimentally  determined.     In  this  case  k  =  — i_;  that  is, 

k  is  equal  to  a  known  current  divided  by  the  square  root  of 
the  reading  that  it  produces.  Hence,  if  a  known  current  A 
produces  a  reading  dy  and  an  unknown  current  /  produces  a 
reading  </,  the  value  of  the  unknown  current  /  can  be  readily 
calculated. 

24.  Measurini^  the  Difference  of  Potential. — When 
the  dynamometer  is  used  to  measure  difference  of  potential 
the  fixed  and  movable  coils  and  a  sufficiently  high  non-induct- 
ive resistance  are  connected  in  series  across  the  two  points 
in  a  circuit  between  which  the  difference  of  potential  is  to  be 
measured.  Then  the  deflections  are  proportional  to  the 
square  of  the  currents  as  before,  but  the  currents,  since  the 
resistance  remains  constant,  are  proportional  to  the  potential 
differences;  hence,  the  deflections  are  proportional  to  the 
squares  of  the  potential  differences.  The  total  resistance  of 
the  dynamometer  circuit  must  be  high  so  as  not  to  apprecia- 
bly alter  the  total  amotmt  of  current,  or  its  distribution,  when 
the  dynamometer  is  connected  to  the  circuit.  Its  function  is 
then  exactly  the  same  as  an  ordinary  voltmeter. 

25.  Measurlni^  Power. — If  the  swinging-coil  circuit 
has  a  constant  and  high  resistance  and  is  connected  between 
two  points  having  a  difference  of  poterrtial,  the  current 
through  the  swinging  coil  will  be  proportional  to  the  differ- 
ence of  potential  between  those  two  points;  and  if  the  fixed 
coil  is  connected  in  series  with  a  circuit  joining  the  same  two 
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points,  the  whole  current  in  the  main  circuit  will  pass 
through  the  fixed  coil.  Consequently,  the  torsion  will  be 
proportional  to  the  product  of  potential  difference  and 
current;  that  is,  to  the  power  being  expended  in  the  circuit 
in  series  with  which  the  current,  or  fixed  coil  is  connected, 
and  across  which  the  potential,  or  movable  coil  is  con- 
nected. The  use  and  connections  of  a  Siemens  dynamom- 
eter when  used  to  measure  power,  that  is,  as  a  wattmeter, 
will  be  more  fully  considered  a  little  further  on. 

26.  Siemens  dynamometers  are  seldom  made  direct 
reading,  but  are  furnished  with  a  table,  or  curve,  that  gives 
the  current  strength  in  ami)eres,  the  difference  of  potential 
in  volts,  or  the  power  in  watts  corresponding  to  the  various 
deflections.  Intermediate  values  may  be  interpolated  or 
calculated. 

If  the  earth's  horizontal  field  is  in  the  plane  of  the  mov- 
able coil,  it  tends  to  rotate  that  coil.  Consequently,  it  will 
produce  an  error  in  the  resulting  measurements,  unless  it  is 
so  small  compared  to  the  field  set  up  by  the  fixed  coil,  as 
not  to  appreciably  affect  the  torsion  produced  by  the  mutual 
action  of  the  two  coils.  If  the  earth's  field  is  at  an  angle  with 
the  plane  of  the  movable  coil,  it  may  be  resolved  into  two  com- 
ponents, one  of  which  is  in  the  plane  of  the  fixed  and  the  other 
in  the  plane  of  the  movable  coil.  The  component  in  the  plane 
of  the  movable  coil  may  still  be  strong  enough  to  produce  an 
error.  Hence,  a  dynamometer  should  be  set  up  so  that  the 
plane  of  the  movable  coil  is  approximately  at  right  angles 
to  the  earth's  horizontal  field.  However,  no  error  will 
be  produced,  even  if  the  earth's  horizontal  field  is  in 
the  plane  of  the  movable  coil,  provided  the  mean  of  two 
readings  be  taken,  for  one  of  which  the  current  through  both 
coils  is  reversed  in  direction.     In  such  cases  the  earth's  field  I 

increases  the  torsion  for  one  reading  as  much  as  it  decreases  j 

it  for  the  other.  | 

The  Siemens  dynamometer  is  even  more  suitable  for 
measuring  alternating  currents,  E.  M.  F.'s,  and  power, 
for    then    the    earth's    field  has   no   effect  on   it.      When 
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alternating^  current  from  the  same  source  flows  through  both 
the  fixed  and  movable  coils,  the  field  set  up  by  the  fixed  coil 
changes  in  unison  with  the  field  set  up  by  the  movable  coil, 
thus  always  tending  to  produce  a  deflection  in  one  direction. 

The  Siemens  dynamometer  is  a  slow-reading  instrument; 
that  is,  it  requires  time  to  adjust  the  torsion  head  in  order  to 
obtain  each  reading,  and  this  is  an  objection  to  its  use.  It 
is  not  a  direct-reading  instrument  and  its  construction  is  not 
such  as  to  make  it  readily  portable.  For  these  reasons  it  is 
not  used  to  any  great  extent  in  practical  measurements,  but 
it  is  used  largely  as  a  standard  laboratory  instrument  for 
checking  commercial  instruments  on  account  of  its  reliability 
and  accuracy. 

Instruments,  depending  on  the  Siemens  dynamometer 
principle,  are  now  made  in  portable  Commercial  forms.  The 
long  spiral  spring  is  replaced  by  flat  spiral  springs,  like  those 
used  in  Weston  ammeters  and  voltmeters,  and  the  scales 
may  be  calibrated  to  read  amperes,  volts,  or  watts,  directly. 
Some  makes  require  the  application  of  torsion  by  means  of 
a  milled  screw  head  to  bring  the  swinging  coil  back  to  its 
normal  position,  while  other  makes  do  not  even  require  this 
adjustment.  Sometimes  two  fixed  coils  are  wound  with  a 
different  number  of  turns  and  different  scales  for  use  with 
the  two  coils. 

The  maximum  voltage  and  current  that  can  be  used  with 
each  coil  of  such  instruments  are  stated  in  the  directions 
sent  with  them.  So-called  multipliers,  that  is,  non-inductive 
resistances,  are  also  made  for  use  with  such  instruments. 
The  multipliers  increase  the  capacity  of  the  instrument 
usually  in  volts  only,  the  maximum-current  capacity  remain- 
ing unchanged.  " 

WATTMETERS 

27.  The  power  expended  in  a  direct-current  circuit,  being 
the  product  of  the  current  and  E.  M.  F.,  may  be  determined 
by  measuring  the  factors  separately  and  multiplying  them 
together.  Instruments  have  been  designed?  however,  that 
automatically  perform   this  multiplication,   thus   measuring 
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directly  the  power  expended  in  watts;  such  an  instrument  is 
called  a  -wattmeter. 

The  Siemens  dynamometer  may  be  used  as  a  wattmeter  in 
both  direct-  and  alternating-current  circuits.  When  thus  used 
it  measures  the  product  of  the  current  in  one  coil  and  the 
difference  of  potential  between  the  ends  of  the  circuit  con- 
taining the  other  coil.  The  stationary  coil  is  connected  in 
series  with  the  main  circuit,  consequently  the  total  current 
flows  through  it.  The  swinging  coil  is  usually  connected  in 
series  with  a  resistance  great  enough  to  prevent  the  full 
difference  of  potential  between  the  mains  sending  more  than 
a  small  amount  of  current  through  the  movable  coil.  This 
coil  and  the  resistance  are  then  connected  in  parallel  with 

the  rest  of  the  circuit, 
as    shown   in  Fig.  26, 
where  F  is  the  fixed  coil 
of   the    instrument;    J/, 
the  movable  coil;  Ry  the 
resistance   that   is   con-* 
nected  in  series  with  M\ 
Dy  the  source  of  elec- 
tricity; and  C,  the  exter- 
nal circuit,   the   energy 
expended  in  which  it  is 
desired  to  measure. 
Since  the  resistance  of  the  swinging-coil  circuit  is  constant 
and  comparatively  large,  the  current  flowing  through  it  will 
at  all  instants  be  proportional  to  the  difference  of  potential 
acting  on  its  terminals;  and  the  current  in  the  fixed  coil  will 
always  be  equal  to  the  current  in  the  circuit;  hence,  the  torque 
action  between  the  two  coils  will  at  all  instants  be  propor- 
tional to  the  product  of  current  and  difference  of  potential. 
Consequently,  the  force  acting  on  the  movable  coil  and  the 
torsion  of  a  spring  required  to  bring  it  to  zero  position,  varies 
directly  as  the  power  or  watts  expended  in  the  circuit.    When 
variations  occur  in  both  current  and  difference  of  potential 
simultaneously,  the   force  required  to  bring  the  coil  to  the 
zero  position  is  still  proportional  to  the  watts  expended. 
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The  resistance  R^  Fig.  26,  used  with  the  movable  coil,  is 
usually  made  a  separate  piece  of  apparatus.  When  this  resist- 
ance is  made  non-inductive,  as  it  generally  is,  so  that  the  total 
inductance  of  the  swinging-coil  circuit  is  so  small  as  to  have 
no  appreciable  effect  on  a  variable  current,  the  wattmeter 
may  be  used  for  measuring  the  energy  expended  in  alterna- 
ting-current as  well  as  in  direct-current  circuits.  A  wattmeter 
foi  use  on  both  direct- 
and  alternating-current 
circuits  must  average 
up  all  the  instanta- 
neous values  of  the 
product  of  current  and 
difference  of  potential; 
consequently,  its  indi- 
cations must  be  af- 
fected by  both.  When 
the  Siemens  dyna- 
mometer is  used  in  an 
alternating-current  cir-  _ 

cuit   the    field   set  up  P10.27 

by  the  fixed  coil  changes  in  unison  with  the  field  set  up  by 
the  swinging  coil,  and  hence  the  torque  action  between  the 
two  coils  is  in  the  same  direction  for  each  direction  of 
the  current. 


28»  Portable  Direct-Reading  Wattmeters,  —  In  addi- 
tion to  the  Siemens  wattmeter,  there  have  been  introduced 
several  forms  of   portable  direct-reading  wattmeters, 

which  are  giving  good  satisfaction. 

The  Siemens  wattmeter  is  not  direct  reading,  and  is, 
therefore,  not  as  convenient  for  commercial  work  as  the 
portable  direct -reading  types.  Fig.  27  shows  a  Weston 
portable  wattmeter,  which  is  constructed  about  the  same 
as  the  Weston  voltmeter,  except  that  fixed  coils,  composed 
of  a  few  turns  of  heavy  copper  conductor,  which  carry 
the  main  currrent  replace  the  permanent  magnets.  The 
Jieavy  binding  posts  a^b  at  the  ^ide  of  th^   case  are  th^ 
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terminals  of  the  current  coil  and  the  small  bindin^^  posts  c^  d 
on  the  top  connect  with  the  swin^ingf  coil.  In  using  watt- 
meters, care  should  be  taken  not  to  get  the  connections 
mixed,  because  if  the  current  coil  should,  by  mistake,  be 
connected  across  the  circuit,  the  instrument  will,  in  all  prob- 
ability, be  burnt  out,  as  the  resistance  of- this  coil  is  very 
low  and  the  resulting  current  will  be  enormous.  In  order 
that  the  readings  of  a  wattmeter  for  use  on  alternating* 
current  circuits  may  be  reliable,  the  self-induction  of  the 
swinging-coil  circuit  should  be  very  gmall. 

29,  Weston  Compensated  Wattmeter. — In  measur- 
ing power  with  a  voltmeter  and  ammeter  the  product  of  the 
two  readings  includes  not  only  the  power  consumed  in  the 
lamps  or  other  device,  but  also  the  power  consumed  in  one 
of  the  instruments.  The  same  error  occurs  in  the  results 
obtained  by  the  use  of  an  ordinary,  or  uncompensated,  watt- 
meter or  Siemens  dynamometer.  In  such  instruments  the 
error  is  usually  very  small,  however,  on  account  of  the  very 
high  resistance  of  the  potential  coil.  This  error  is  eliminated 
in  the  Weston  compensated  wattmeter  by  winding  the  wire 
leading  to  the  potential  coil  alongside  of  each  turn  in  the 
current  coil,  the  current  circulating  in  the  two  in  opposite 
directions.  The  result  is  the  same  as  if  the  current  in  the 
potential  coil  were  subtracted  from  the  current  in  the  current 
coil  as  far  as  the  magnetic  action  of  the  current  coil  is 
concerned.  

RECORDING    WATTMETERS 

30,  The  Siemens  wattmeter  gives  the  instantaneous 
value  of  the  watts  expended  in  the  circuit.  Instruments  that 
show  the  value  of  the  watts  at  any  instant  are  frequently  called 
indicating  wattmeters  to  distinguish  them  from  record- 
ing? Avatt  meters,  which  measure  the  total  work  done  during 
a  given  time.  A  recording  wattmeter  indicates  the  product 
of  the  watts  and  time;  i.  e.,  the  watt-hours.  Strictly  speak- 
ing, these  recording  instruments  are  not  wattmeters  at  all, 
because  they  do  not  record  watts.  The  watts  represent  the 
rate  at  which  work  is  done,  whereas,  a  so-called  recprding 
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wattmeter  records  the  watt-hours  or  total  work  done  during 
a  given  time;  they  are,  therefore,  joule  meters  or  watt-hour 
meters.  Large  numbers  of  recording  wattmeters  are  used 
for  measuring  the  electrical  energy  supplied  to  customers  on 
electric-light  and  power  circuits.  They  measure  the  total 
energy  supplied  during  a  given  period,  say  a  mooth,  and  the 
number  of  watt-hours,  or  kilowatt-hours,  is  read  off  a  dial 
similar  to  that  on  a  gas  meter. 


The  Thomson  recording  wattmeter,  shown  in  Fig.  28  (a), 
with  the  cover  removed,  is  one  of  the  most  prominent 
examples  of  this  class  of  measuring  instruments.  Its  con- 
struction is  simple,  the  principle  being,  broadly,  that  of  the 
Siemens  dynamometer.  The  movable  coil  neither  surrounds 
the  fixed  coil  nor  is  it  held  to  zero  position,  but  it  revolves 
between  two  fixed  coils  a,  a.  The  movable  coil  is  shown  in 
Fig.  28(3);  it  consists  of  a  number  of  coils^,  3,  ^wound  across 
§  suitable  support.     The  ends  of  these  coils  are  connected  to 
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a  number  of  silver  strips  cc  and  the  whole  moving  element 
is  mounted  on  a  shaft  d  with  a  hardened-steel  pivot  at  the 
lower  end  and  a  worm-gear  vt  at  the  upper.  This  revolving 
armature  is  essentially  the  same  in  its  construction  as  those 
used  in  dynamos  and  motors,  with  the  important  difference 
that  no  iron  is  used  in  its  construction.  Current  is  carried 
into  the  revolving  part  by  two  small  spring  contacts,  or 
brushes,  /, /,  Fig.  28  (a),  that  make  contact  with  the  silver 
strips  in  such  a  manner  that  the  effective  plane  of  the 
movable  coil,  or  armature,  always  takes  a  position  at  right 
angles  to  the  plane  of  the  fixed  coils  and  a  continuous  rotation 
is  thus  maintained  instead  of  a  simple  deflection,  as  in  the 
indicating  wattmeter. 

The  connections  of  this  instrument  are  made  on  the  same 
principle  as  those  of  the  Siemens  wattmeter.  The  fixed  coils 
are  connected  in  series  with  the  main  circuit  while  the  movable 
coil  in  series  with  a  resistance  and  a  so-called  shunt  coil^, 
thereby  forming  a  circuit  of  high  resistance  which  is  con- 
nected across  the  main  circuit.  This  shunt  coil  consists  of 
a  number  of  turns  of  fine  wire  and  is  mounted  on  an  adjust- 
able brass  frame  h  so  that  the  coil  can  be  moved  in  or  out; 
that  is,  to  or  from  the  armature.  The  object  of  this  coil  is 
to  compensate  for  friction  on  light  loads;  it  provides  a  mag- 
netic field  almost  sufficient  to  move  the  armature  when  there 
is  no  current  in  the  series-coils;  hence,  when  a  small  load  is 
placed  on  the  meter,  it  starts  up. 

The  amount  of  energy  expended  in  the  circuit  to  which  the 
meter  is  connected  is  measured  by  the  rotation  of  the  mov- 
able coil.  The  worm  on  the  upper  end  of  the  shaft  engages 
with  a  set  of  gears  that  operate  a  dial  similar  to  a  gas-meter 
dial  so  that  the  energy  expended  in  a  certain  time  can  be 
read  directly  from  the  dial,  in  watt-hours,  by  noting  the 
readings  at  the  beginning  and  end  of  the  interval  of  time  and 
taking  the  difference  between  the  two.  In  the  earlier  types 
of  Thomson  meter,  the  reading  as  taken  from  the  dials  had 
to  be  multiplied  by  a  constant  in  order  to  obtain  the  true 
reading;  this  constant  was  marked  on  the  dial.  The  later 
types  are  direct  reading  except  in  the  large  sizes,  where  the 
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dial  reading  has  to  be  multiplied  by  10  or  100  in  order  to 
give  the  true  reading. 

The  friction  of  the  apparatus  is  exceedingly  small  and  it  is 
necessary  to  provide  a  retarding  force  that  will  oppose  the 
motion  of  the  movable  coil  and  make  its  speed  proportional 
to  the  load  on  the  circuit.  An  aluminum  disk  k^  Fig.  28  (a), 
is  mounted  on  the  lower  part  of  the  shaft  and  revolves 
between  the  poles  of  permanent  magnets  ^,  e^  e;  in  the  earlier 
types  of  meter  this  disk  was  made  of  copper.  As  the  disk 
revolves  it  cuts  across  the  lines  of  force  passing  between 
the  poles  of  the  magnets  and  the  E.  M.  F.'s  set  up  thereby 
cause  currents  to  eddy  around  in  the  disk.  These  tend  to 
retard  the  motion  of  the  disk  and  the  higher  the  speed  the 
greater  the  retardation.  As  in  the  Siemens  wattmeter,  the 
force  acting  to  rotate  the  movable  coil  increases  directly 
as  the  watts;  therefore,  the  number  of  revolutions  of  the 
moving  system  of  the  meter  will  be  directly  proportional  to 
the  watts  expended  in  the  circuit.  The  Thomson  meter  will 
operate  on  either  direct*  or  alternating  current  and  will  give 
accurate  results  if  the  commutator,  pivot,  and  jewel  are  kept 
in  good  condition. 

The  Thomson  meter  is  really  a  small  electric  motor  so  con- 
structed that  its  speed  will  be  accurately  proportional  to  the 
watts.  There  are  a  number  of  other  meters  of  the  motor 
type  in  common  use,  some  of  which  are  adapted  for  alter- 
nating current  only. 

£I>ISON    CHEMICAL    METER 

31  •  Most  of  the  measuring  instruments  in  commercial 
use  depend  on  the  electromagnetic  effect  of  a  current  for 
their  action;  perhaps  the  only  electrochemical  current  meter 
that  has  been  in  commercial  use  is  the  Edison  chemical 
meter.  At  one  time  it  was  extensively  used  by  the  Edison 
illuminating  companies,  but  it  has  been  superseded  by 
recording  wattmeters.  In  the  Edison  chemical  meter  a 
fixed  proportion  of  the  current  passing  through  the  meter  is 
shunted  through  an  electrolytic  bath  consisting  of  two  zinc 
plates  dipping  in  a  solution  of  sulphate  of  zinc.     The  plates, 
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solution,  and  connectors  are  mounted  in  little  glass  jars,  and 
two  jars  are  set  up  in  each  meter,  one  to  act  as  a  check  on 
the  other.  At  the  end  of  a  certain  fixed  time  (usually 
30  days)  the  jars  and  their  contents  are  replaced  by  others, 
and  the  ampere-hours  of  current  that  have  been  used  by  the 
customer  calculated  from  the  gain  in  weight  of  the  negative 
plate.  By  various  ingenious  devices  in  the  several  parts  of 
the  meter,  the  effects  of  various  sources  of  error  are  almost 
entirely  eliminated.  It  is  necessary,  however,  to  use  great 
care  in  removing  the  jars,  and  in  cleaning  and  weighing 
the  zinc  plates. 

SPBBD    ENDiCATOBS 

32.  For  many  electrical  measurements,  it  is  necessary 
to  know  the  rate  of  revolution  of  certain  moving  parts 
of  machinery.  The  number  of  revolutions  made  by  the 
machinery  in  1  minute  or  other  length  of  time  does  not 
necessarily  give  its  rate  of  revolution  at  any  one  instant. 


so  that  for  accurate  work  the  ordinary  revolution  counter  is 
scarcely  suitable.  Instruments,  called  tat-ho meters,  are 
made  that  indicate  by  the  position  of  a  needle  on  a  dial  the 
rate  of  revolution  at  each  instant  of  the  apparatus  to  which 
they  are  connected.     The  principle  of  these  instruments  is 
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similar  to  that  of  a  centrif- 
ugal engiae  governor;  two 
weights  are  thrown  from 
their  center  of  rotation  by 
centrifugal  force,  and  their 
tendency  to  move  is  over- 
come by  a  spring.  By  suit- 
able gearing,  the  motion  of 
the  weights  is  made  to  actu- 
ate a  pointer  that  moves 
over  a  suitably  divided  dial, 
thus  indicating  at  each  instant 
the  rate  of  rotation  of  the 
weights. 

Fig.  29  shows  a  form  of 
tachometer  that,  being  belted 
to  a  pulley  of  suitable  diam- 
eter by  a  light  belt,  will  give 
the  rate  of  revolution  of  that 
pulley. 

The  form  shown  in  Fig.  30 
is  to  be  held  in  the  hands. 
A  three-sided  point  on  one  of 
the  spindles  of  the  instrument 
is  intended  to  be  thrust  into 
the  center  mark  of  a  revolv- 
ing shaft,  when  the  rate  of 
revolution  of  that  shaft  is 
indicated  on  the  dial.  It  is 
usual  to  make  three  little 
ridges  in  the  sloping  sides  of 
the  center  mark  of  the  shaft 
with  a  three-sided  punch 
(supplied  with  the  instru- 
ment), to  insure  that  the 
point  on  the  tachometer  shaft 
will  not  slip  when  the  instru- 
ment is  applied.  fm~io 
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DETERMINATION    OF   MAGNETIC   PROP- 
ERTIES OF  IRON 


BAIililSTIC-GAIiVAJSrOMETER   METHOD 

33.  A  method  for  determining  the  magnetic  prox)erties 
of  iron  is  shown  in  Fig.  31,  where  the  apparatus  and  con- 
nections are  indicated.  A  sample  of  the  iron  to  be  tested, 
preferably  in  the  form  of  a  ring,  is  wound  throughout  its 
length  with  insulated  wire,  so  that  if  a  steady  current  is  sent 
through  the  wire  the  ring  will  be  magnetized.  If  a  second 
coil  of  wire  be  wound  for  a  short  distance  over  the  first  coil. 


Fio.  31 

any  change  in  the  number  of  lines  of  force  in  the  ring  will 
induce  an  E.  M.  F.  in  the  second  coil.  A  ring  so  wound  is 
represented  in  Fig.  82,  where  /?  is  the  iron  ring,  P  Px  the 
primary  or  magnetizing  coil,  SS  the  secondary  coil. 

If  known  currents  are  sent  through  the  primary  coil  PPxy 
the  magnetizing  force  H  may  be  calculated.  Any  change  in 
the  magnetizing  current  will  produce  a  change  in  the  number 
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of  lines  of  force  in  the  iron  ring,  which  will  be  indicated  by  a 
swing  of  the  galvanometer  needle,  and  the  amount  of  this 
swing  will  indicate  the  relative  amount  of  change  in  the  num- 
ber of  lines  of  force  passing  through  the  secondary  coil. 

In  Fig.  31,  /  is  a  Sat  ring  of  the  iron  to  be  tested.  Upon 
it  is  evenly  wound  a  known  number  of  turns  of  insulated 
wire,  the  terminals  being  p,  p';  this  is  called  the  primary 
or  magnetizing  coil.  A  known  number  of  turns  of  insulated 
wire  are  wound  on  a  wooden  or  other  non-magnetic  core, 
with  the  terminals  at  (  and  l';  the  coil  C  is  called  the  calt- 
braling  coil.  On  the  iron  ring  /  and  also  at  the  center  of  the 
length  on  the  coil  C  are  wound  secondary  coils,  consisting  of 
a  known  number  of  turns  of  insulated  wire,  /^  is  a  revers- 
ing switch. 


As  the  dimensions  of  the  coil  C,  the  number  of  turns,  and 
the  current  passing  through  the  coil  are  measurable,  the  exact 
number  of  lines  of  force  per  square  inch,  designated  by  H,  in 
air,  wood,  or  other  non-magnetic  medium,  may  readily  be 
calculated  as  follows:  The  setting  up  of  a  certain  number 
of  lines  of  force  in  the  core  of  C  will  cause  the  needle  of 
the  ballistic  galvanometer  G'  to  give  a  certain  kick.  The 
strength  of  the  current  sent  through  the  coil  C  from  the 
battery  B,  the  switch  D  being  closed  in  the  lower  position 
instead  of  as  shown  in  this  figure,  is  adjusted  by  means  of  the 
rheostat  R  and  the  resistance  of  the  galvanometer  circuit  is 
adjusted  by  means  of  Ji'  until  the  sudden  opening  or  closing 
of  the  switch  P  in  the  lower  position  produces  a  convenient 
deflection,  or  kick,  of  the  galvanometer  C.    The  resistance  R', 


44  ELECTRICAL  MEASUREMENTS  §10 

in  fact  the  entire  resistanoe  of  the  g^alvanometer  circait, 
should  preferably  not  be  altered  afterwards  unless  the  galva- 
nometer is  recalibrated.  Thus,  the  galvanometer  G  may  be 
calibrated  by  observing  the  kick  d  produced  when  the  coil  O 
cuts  a  certain  number  of  lines  of  force  that  can  be  calculated. 
Then,  if  the  kick  cf  of  the  galvanometer  G  produced  by 
cutting  an  unknown  number  of  lines  of  force  by  the  coil  5"  is 
observed,  the  total  number  of  lines  of  force  and  the  flux 
density  in  the  iron  specimen  can  be  calculated. 

The  switch  D  being  closed  in  the  upper  position,  a  succes- 
sion of  currents  of  different  values,  measured  by  an  ammeter, 
or  galvanometer,  G,  may  be  sent  through  the  primary  coil  P 
of  the  iron  ring  /,  thus  producing  therein  a  certain  number 
of  lines  of  force,  which  number  is  proportional  to  the 
observed  kick  of  the  needle  of  the  ballistic  galvanometer. 
These  results  may  be  tabulated,  or  else  plotted  so  as* to  give 
a  magnetization  curve. 

34.  Principles  Involved, — Let  us  suppose  that  the  coil 
C  has  T  turns,  a  length  of  i  inches,  a  mean  sectional  area  of 
A  square  inches,  and  that  making  a  cturent  of  /  amperes 
through  the  coil  C  will  produce  a  deflection  d  of  the  galva- 
nometer G  when  the  total  resistance  of  the  galvanometer 
circuit  is  R  ohms.  Then  the  total  number  of  lines  of 
force  set  up  inside  the  coil  O  is  given  by  the  formula 
^  H  =  3.192 /r^      j^  ^^^^  ^j.^  j.^  ^^j^g  .^  ^^  secondary 

coil    Cy  the   total   cutting   of   lines   of  force   by   this   coil 

Q  192  I T  A  T 
is  "-JL-± -^ £  and  the  quantity  of  electricity  produced  is 

o,j^  J  I  i,^^     Suppose  that  this  produces  a  deflection  d. 
I R  • 

Let  A^  be  the  sectional  area,  in  square  inches,  of  the  iron  ring, 
or  other  specimen  to  be  tested,  and  7^,  the  number  of  turns  in 
the  secondary  coil  S,  If  a  flux  density  B  is  set  up  in  the 
iron  by  sending  a  current  /«  through  the  primary  coil  P,  then 
the  total  flux  inside  the  secondary  coil  5  will  be  A^  B.  Sup- 
posing that  the  cutting  of  these  lines  of  force  causes  the 
galvanometer  G  to    give    a   deflection   d\   the    quantity  of 
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electricity  ff  produced  in  the  galvanometer  circuit  by  the 

induced  £.  M.  F.  set  up  in  the  secondary  coil  .S  is  such  that 

A  %  T 

—i— — ?  =  j2',  JP„  as  before,  being  the  total  resistance  of  the 

galvanometer  circuit.  This  produces  a  deflection  d^.  Con- 
sidering the  galvanometer  deflections  as  proportional  to  the 
quantities  of  electricity  that  produce  the  deflections  we  may 

write  the  proportion,  -— — = —  :  a  =  — — —  :  d\  Solv- 

ing  this  for  B,  the  desired  and  tmknown  quantity,  we  get 

^  ^  S.192  ITT,  A /^,d'  jgv 

IT.A.Jid 

This  is  a  general  formula  that  will  apply  to  almost  any 

case.     Generally,  for  any  one  test  at   least,  the  value  of 

3  192  TT  A 

-^— * —  will  remain  constant  and  may  be  called  the  con- 

stant  of  the  apparatus.  Then  this  value  may  be  calculated 
once  for  the  whole  set  of  observations.  For  a  series  of 
values  it  is  better  to  determine  a  new  calibrating  deflection  d 
every  time  the  resistance  of  the  galvanometer  circuit  is 
altered,  because  it  is  easier  and  much  more  accurate  to  do 
this  than  to  measure  R  and  R^,  Hence,  for  any  such  series 
of  deflections  for  which  R  =  7?.,  these  quantities  cancel  each 

other  and  we  get  B  =  /3.192/r7;^\^,^     ^j^^  ^^^^  ^^  ^^ 

\  lT,A,d  I 
parenthesis,  which  may  be  called  the  calibration  constant, 
need  be  computed  only  once  for  each  set  of  observations 
during  which  the  resistance  of  the  galvanometer  circuit 
remains  constant  and  d  was  the  deflection  obtained  when  the 
circuit  was  closed  so  that  /  amperes  flowed  through  the  cali- 
brating coil.  B  is  calculated  by  simply  multiplying  each 
subsequent  deflection  d^  by  this  constant  quantity. 

If  a  current  /*  through  the  primary  coil  P  produced  the 
flux  density  B,  then  the  corresponding  magnetizing  force 

H  =  -^ —  *  — -,  in  which  71  is  the  number  of  turns  in  the 
primary  coil  P  and  h  is  the  mean  length  of  the  magnetic 
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circuit  in  the  iron  ringf  or  specimen.     This  is  the  value  of  H 
that  produces  the  flux  density  B. 

As  the  diag^ram  now  stands,  the  calibrating  coil  is  out  of 
the  circuit,  and  the  primary  coil  P  of  the  iron  ring  is  being 
energized  by  current  from  the  battery  B,  The  energizing 
current  is  regulated  by  the  adjustable  resistance  R^  and  may 
be  calculated  from  the  E.  M.  F.  of  the  battery  and  the 
resistance  of  the  primary  circuit,  but  is  in  practice  always 
measured  by  an  ammeter  G.  The  reversing  switch  H  is 
used  to  start,  stop,  or  reverse  the  current  in  either  the 
primary  coil  P  or  the  calibrating  coil  C,  depending  on  the 
position  of  the  switch  D,  The  adjustable  resistance  R*  is 
used  to  adjust  the  range  of  the  ballistic  galvanometer  C,  as 
the  currents  induced  in  5  and  C  may  vary  widely. 

35.  The  test  of  the  iron  may  be  made  in  a  variety  of 
ways.  The  two  most  used  are  the  step-by-step  and  the 
reversal  methods. 

The  step'by-siep  method  consists  of  suddenly  increasing  or 
decreasing  the  magnetizing  current  in  the  primary  coil  P  by 
quickly  moving  the  handle  of  the  rheostat  R  a  step  at  a 
time.  The  swing  of  the  galvanometer  G^  at  each  step  indi- 
cates the  change  in  the  number  of  lines  of  force  correspond- 
ing to  a  change  in  the  magnetizing  force.  The  total  number 
of  lines  at  any  point  may  be  determined  by  adding  together 
the  previous  changes. 

The  reversal  method  is  to  reverse  the  current  in  the  pri- 
mary by  throwing  the  switch  H,  The  lines  of  force  will 
then  change  from  a  certain  number  in  one  direction  down 
to  zero,  and  then  to  about  the  same  number  in  the  opposite 
direction.  This  change  will  cause  a  swing  of  the  galvanom- 
eter Gy  and  one-half  this  swing  is  taken  to  represent  the 
number  of  lines  of  force  in  the  circuit  due  to  the  magneti- 
zing force  that  has  been  reversed.  By  increasing  or  decreas- 
ing this  magnetizing  force  by  successive  steps,  and  reversing 
each  time,  the  cur2>e  of  niagiietizatioii  may  be  obtained. 

One  objection  to  the  step-by-step  method  is  that  an  error 
in  one  of  the  early  observations  will  be  included  in  the  whole 
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series,  as  they  are  all  added  together;  but  with  care  in 
taking  the  readings,  however,  this  need  not  occur.  With  the 
method  of  reversals,  however,  the  residual  magnetism,  more 
especially  in  hard  iron  and  steel,  introduces  an  error;  as, 
when  the  magnetizing  force  is  reversed,  there  will  not  be 
quite  as  many  lines  of  force  in  the  circuit  after  the  reversal 
as  before,  with  the  same  magnetizing  force. 

Although  a  ring  is  the  preferable  form,  almost  any  shape 
of  specimen  forming  a  closed  magnetic  circuit  may  be  used 
and  even  a  straight  piece,  if  its  length  is  200  or  more  times 
its  diameter,  will  give  satisfactory  results. 

Example. — From  the  following  data  and  information,  work  out  the 
magnetizing  force  H  in  the  primary  coil  of  the  iron  ring,  and  the  result- 
ing density  of  lines  of  force  B,  using  the  step-by-step  method;  from 
these  results  plot  a  magnetization  curve  on  cross-section  paper,  show- 
ing the  magnetic  qualities  of  the  iron.  The  switch  D  was  first  closed 
in  the  lower  position,  so  that  the  current  from  the  battery  B  passed 
through  the  calibrating  coil  C,  the  primary  coil  P  being  out  of  circuit. 
The  elements  of  the  present  primary  circuit  have  resistances  as  follows: 

Resistance  of  primary  calibrating  coil  C  =  3  ohms. 

Internal  resistance  of  the  battery  ^  =  1.2  ohms. 

Resistance  of  rheostat  R^  ten  steps  of  4  ohms  each  =  40  ohms. 

Resistance  of  balance  of  primary  circuit,  including  connections  =1.1 
ohms. 

The  elements  of  the  secondary  circuit  have  the  following  resistances: 

Resistance  of  rheostat  R\  ten  steps  of  200  ohms  each  =  2,000  ohms. 

Resistance  of  ballistic  galvanometer  C  =  500  ohms. 

Resistance  of  balance  of  secondary  circuit,  including  both  secondary 
coils  =  10  ohms. 

The  battery  B  has  6  cells,  each  furnishing  a  constant  E.  M.  F.  of 
1.9  volts. 

The  secondary  coil  5"  consists  of  120  turns  of  No.  22  insulated  wire. 

The  calibrating  coil  C  is  wound  on  a  wooden  rod  30  inches  long  and 
2  inches  in  diameter,  and  consists  of  1,200  turns  of  No.  18  insulated 
wire,  wound  evenly  in  two  layers. 

The  secondary  coil  C,  wound  at  the  center  of  the  length  of  the 
primary  calibrating  coil  C,  has  260  turns  of  No.  22  wire. 

The  ballistic  galvanometer  G'  is  of  the  type  already  described,  hav- 
ing a  scale  about  4  feet  long,  and  reads  from  zero  at  the  center  to  225 
at  each  end.  In  the  first  part  of  the  measurement,  when  the  galvanom- 
eter C  was  being  calibrated,  all  the  resistance  in  the  rheostat  R'  was 
cut  out  of  the  circuit.  Then,  with  all  the  resistance  in  the  rheostat  R 
cut  out  of  the  primary  circuit,  the  galvanometer  G'  gave  an  extreme 
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twinsf  of  48  scale  divisions  when  the  primary  circuit  containing  coil  C 
was  suddenly  closed  or  opened  by  meansof  the  switch  D.  Then  the  circuit 
connections  were  arranged  by  closing  Z?  in  the  upper  position  exactly  as 
shown  in  Pig.  31,  the  primary  calibrating  coil  C  having  been  thus 
replaced  in  the  primary  circuit  by  the  primary  coil  P  of  the  flat-iron 
ring  /,  and  all  the  resistance,  2,000  ohms,  in  the  rheostat  R*  was  cut 
into  the  circuit  and  the  switch  H  was  open;  that  is,  in  a  midway 
position.  The  dimensions  of  the  iron  ring  are:  5  inches  inside  diameter, 
di  inches  outside  diameter,  and  1  inch  thick.  The  primary  coil  P  is 
wound  evenly  over  the  entire  ring  /,  and  consists  of  800  turns  of  No.  18 
insulated  wire,  having  a  resistance  of  .8  ohm. 

The  manner  of  performing  the  experiment  is  to  turn  in  the  whole 
resistance  of  the  rheostat  R^  40  ohms,  and  then  suddenly  close  the 
switch  H  and  note  the  first  swing  of  the  galvanometer.  After  the  spot 
of  light  has  settled  down  to  zero,  the  hand  of  the  rheostat  R  is 
suddenly  moved  to  the  second  contact.  This  cuts  out  4  ohms  resist- 
ance, which  allows  an  additional  amount  of  current  to  flow  through 
the  circuit.  The  addition  of  this  quantity  of  current  sets  up  additional 
lines  of  force,  and  the  additional  lines  of  force  set  up  a  current  through 
the  ballistic  galvanometer  G  and  the  first  swing  must  be  carefuUy 
noted.  *  In  this  manner  the  rheostat  is  moved  around  the  successive 
steps,  and  the  readings  noted  as  follows: 


Resistances  of  R 
in  Ohms 

Deflection  of 

Galvanometer  C 

in  Divisions 

Resistances  of  R 
in  Ohms 

Deflection  of 

Galvanometer  (J^ 

in  Divisions 

40 

36 
32 
28 

24 
20 

220.6 
II. I 
12.9 

7.7 
14.8 

13.2 

16 
12 

8 

4 
0 

16.3 
19.6 
26.0 

30.7 
40.4 

Solution. — The  calculations  should  be  made  in  tabular  form,  for 
the  sake  of  clearness.  The  following  calculations  will  have  to  be 
made,  and  a  column  may  properly  be  assigned  for  the  result  of  each 
calculation: 

1.  The  resistance  of  the  primary  circuit. 

2.  The  current  in  the  primary  circuit, 

3.  The  magnetizing  force  H  of  the  primary  coil. 

4.  The  deflection  of  the  ballistic  galvanometer  G'  in  scale  divisions. 
6.     The  corresponding  change  in  the  number  of  lines  of  force  per 

square  inch  in  the  iron  ring  /. 

6.    The  flux  density  B  per  square  inch  in  the  iron. 
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Column  1  is  found  by  adding  the  resistances  of  the  elements  of  the 
primary  circuit  through  the  coil  P^  the  several  values  of  the  adjustable 
rheostat  R  having  been  given  in  the  example;  for  illustration,  the  first 
quantity  equals  .8  +  1.2  +  1.1  +  40  «  43.1  ohms.  The  second  quantity 
s  43.1  —  4s  39.1.    The  rest  are  found  m  the  same  manner. 


\ 

Resistance 

of 

Primary 

Circuit 

2 

Current 

in 

Primary 

Circuit 

8 
H 

MaffnetixinflT 
Force  in  Pri- 
mary Coil, 
per 
Square  Inch 

4 

Deflection  of 
Galvanom- 
eter 

Divisions 

5 

Chansein 

Number 

of  Lines 

of  Force. 

per 

Square  Inch 

S 

B 

Lines 

of  Force  in 

Iron,  per 

Squarelncb 

43.1 

.2645 

37.40 

220.6 

56.560 

56,560 

39.1 

.2916 

41.20 

II. I 

2,850 

59,410 

35.1 

.3248 

45.90 

12.9 

3.310 

62,720 

31. 1 

.3666 

51.84 

7.7 

1,970 

64,690 

27.1 

.4207 

59.50 

14.8 

3,800 

68,490 

23.1 

.4935 

69.78 

13.2 

3,390 

71,880 

19. 1 

.5968 

84.40 

16.3 

4,180 

76,060 

15. 1 

.7550 

106.80 

19.6 

5.020 

81,080 

II. I 

1.0270 

145.20 

26.0 

6,670 

87.750 

7.1 

1.6060 

227.10 

30.7 

7,870 

95,620 

3.1 

3.6770 

520.00 

40.4 

10,360 

105,980 

The  values  in  column  2  are  found  by  dividing  the  total  E.  M.  P. 
of  the  cells,  11.4  volts,  by  the  respective  resistances  given  in 
column  1.    The  values  of  the  magnetizing  force  in  the  primary  coil  P 

for    column    3    can    be  calculated  from  the  formula  H  =  -^ — , 

where  the  number  of  turns  T  =  800,  and  the  current  /  «  .2646,  .2916, 
.3248  ampere,  etc. ;  the  length  of  the  magnetic  circuit  /  is  determined 
from  the  dimensions  of  the  ring,  as  follows :    The  mean  diameter  of 

the  ring;  =  5^tM  =  5}  in.     Length  /  =  5f  X  3.1416  =  18.06  in.     The 

3.192  X. 2645X800 


first  value  of  H  for  insertion  in  the  table  » 


18.06 


37.40 


lines  of  force  per  sq.  in.    The  deflections  of  the  galvanometer,  col- 
umn 4,  were  given  in  the  example. 

The  change  in  the  number  of  lines  of  force  per  square  inch,  that  is, 
the  additional  number  of  lines  of  force  per  square  inch  due  to  the 
increases  of  primary  current,  noted  in  column  2,  when  the  resistance 
of  the  rheostat  R*  equals  2,000  ohms,  is  found  in  -the  following  man- 
ner:    It  has  already  been  explained  that  B  =  ^^'^^^^^^ df. 
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First  calculate  the  value  of  the  calibration  constant  enclosed  in  tMe 
parenthesis.  The  current  /  in  the  primary  calibrating;  coil  C,  accord- 
ing to  Ohm's  law,  is 

rE_       6X1.9      _n.4_ 
^^R^  3+T.2  4-  Li  "  -5:3  =  ^-^^  ^"'P^'^ 
7\  the  number  of  turns  in  the  primary  calibrating  coil  C  =  1,200, 
and  7".,  the  number  of  turns  in  the  secondary  O  of  the  calibrating 


TOT 

Magneto  Motive  Force 


H  per  inch  lei^gih  Magnctie  €Hre^t. 

Pio.  8S 


coil  =  261.     The  sectional  area  A  of  the  calibrating  coil  C  —  3.1416 

X  l:A    =  3.1416  sq.  in.    To  be  strictly  correct  the  mean  area  should  be 

used,  but  the  depth  of  the  winding,  a  trifle  less  than  twice  the  diameter 
of  the  insulated  No.  18  wire,  m«iy  be  neglected  since  it  is  small  com- 
pared to  the  inside  diameter,  which  is  2  in.  A*',  the  resistance  of  the 
galvanometer  circuit,  when  the  deflections  due  to  the  currents  induced 
in  the  secondary  5"  were  observed  =  2,000  H-  500  +  10  =  2,510  ohms. 
The  length  /  of  the  primary  calibrating  coil  C  =  30  in.  T^  the  num- 
ber of  turns  in  the  secondary  6'  on  the  iron  ring  =  120.    The  sectional 
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3 
area  Az  of  the  iron  ring  =  j  X  1  =  .75  sq.  in.,  and  ^,  the  resist- 
ance of  the  galvanometer  circuit,  when  the  deflection  (/  of  48  scale  divi- 
sions was  observed  =  500  -f  10  =  510  ohms.     Substituting  these  valu^ 
in  the  formula  for  B  gives 

-       /3.192  X  2.15  X  1.200  X  261  X  3.1416  X  2,510\       _  neo  .  ^ 
\  30  X  120  X  .75X510X48  ja  -  ^xj^a<f 

For  the  increase  in  magnetic  density  from  zero  to  the  first  value  of 
B  we  get  B  »  256.4  X  220.6  =  56,561,  or  56,560,  which  is  exact  enough 
and  fully  as  close  as  can  be  used  in  plotting  a  curve.  The  deflection 
11.1  corresponds  to  an  increase  in  the  current  from  .2645  to  .2916 
ampere.  Using  this  deflection  in  the  same  formula,  we  get  for  the 
corresponding  change  in  the  number  of  lines  of  force  per  square  inch, 
B  =  256.4  X  11.1  =  2,846,  or  2,850  as  the  increase  in  the  number  of 
lines  of  force  per  square  inch.  In  this  manner  all  the  values  in  column  5 
are  obtained.  The  total  number  of  lines  of  force  per  square  inch, 
column  6,  corresponding  to  the  respective  magnetizing  forces  tabulated 
in  column  3,  are  obtained  by  adding  each  number  in  column  5  to  the 
sum  of  all  the  preceding  numbers  in  the  same  column,  that  is,  by 
adding  each  number  in  column  5  to  the  number  last  set  down  in  column  6. 
The  first  number  in  column  6  would  of  course  be  56,560,  the  same 
as  the  first  number  in  column  5.  The  second  number  in  column  6 
=  56,560  -f  2,850  =  59,410  lines  of  force  per  sq.  in. 

The  values  of  the  magnetizing  force  H  and  the  corresponding 
density  B  in  the  iron  are  now  plotted  on  a  sheet  of  cross-section  paper, 
and  the  points  so  obtained  connected  by  a  line  which  then  forms  the 
magnetization  curve  of  the  piece  of  iron  under  test.  This  curve  is 
shown  in  Fig.  33. 

Note.— The  student  is  advised  to  perform  the  computations  enumerated  for  at 
least  one  complete  horizontal  row  in  the  table,  to  better  comprehend  the  rules  and 
principles  involved. 


THE  PERM1GAMETEB 

36«  The  permeameter  is  an  apparatus  for  determin- 
ing quickly  and  with  a  fair  degree  of  accuracy  the  mag- 
netic qualities  of  iron.  The  method  was  proposed  by 
S.  P.  Thompson  and  is  suitable  for  use  in  shops.  One 
practical  arrangement  of  apparatus  is  shown  in  Fig.  34. 
The  sample  rod  of  iron  to  be  tested  slips  through  a  hole 
in  the  top  of  a  large  wrought-iron  yoke  w  and  through  a 
magnetizing  coil  having  a  known  number  of  turns.  The 
lower  end  of  the  specimen  is  very  accurately  faced  and 
rests  on  »  part  of   the   yoke   that   is   scraped  to  a   truly 
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plane  surface,  so  that  the  two  will  form  as  good  a  joint 
as  possible.  One  end  of  a  stout  cord  i',  which  passes  over 
a  pulley  m  that  is  firmly  secured  to  a  support  n,  is  fastened 
to  the  spring  balance  and  the  other  end  to  a  lever  /  that  is 
pivoted  at  g.  When  a  coirent  flows  through  the  magneti- 
zing coil  the  force  re- 
quired to  separate  the 
specimen  from  the  sur- 
face of  the  yoke  is  meas- 
ured by  means  of  the 
spring  balance  and  the 
current  is  measured  by 
the  ammeter  A.  To 
obtain  the  pull,  the  lever 
/  is  forced  down  and  the 
reading  of  the  spring 
balance  is  observed  just 
before  or  as  the  speci- 
men separates  from 
the  yoke.  The  mean  of 
three  or  four  readings 
should  be  taken  while 
the  current  is  main- 
tained constant.  The 
spring  balance  should  be 
carefully  calibrated  from 
time  to  time  over  its 
''"*■"  whole  range.    If  there  is 

a  correction,  a  calibration  curve  for  correcting  the  readings 
will  be  found  very  convenient.  From  the  current,  the  number 
of  turns  in  the  magnetizing  coil  and  the  mean  length  of  the 
magnetic  circuit,  the  magnetizing  force  3C  can  be  calculated. 
In  Electromagnetic  Indtutum  it  was  Stated  that  F  = 
(B*  A' 
T-CVaWprjy  i"  which  ^  is  the  pull  in  pounds  necessary  to 

detach  an  armature  from  a  core  when  the  density  is  (B  lines  per 
square  centimeter  and  the  polar  area  A'  square  centimeters. 
In  this  case,  since  the  core   moves   inside  a   stationary 
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msLgnetlzins  coil,  the  3C  lines  of  force  are  not  broken  and 
hence  it  is  more  acctirate  to  consider  the  ptill  as  pro- 
portional to  ((B  —  3fC)' rather  than  to  (B*.     Hence,  we  have 

^  =  ^^T^^i^^  I  from  which  is  obtained  the  formula 
11,183,600 

(B=  1,317-^ +  ac  (9) 

in  which  -F  =  pull,  in  pounds; 

A  =  polar  area,  in  square  inches. 
Hence,  X  and  the  corresponding  values  of  (B  can  both  be 
determined  for  each  magnetizing:  current  and  a  curve  can 
be  made'  showing  the  relation  between  a  series  of  values 
of  (B  and  3C.  

PERMEAMETER    USED    BT    WESTINOHOUSE    COMPANT 

37.  The  permeameter  used  by  the  Westinghouse  Electric 
and  Manufacturing  Company  has  a  different  method  of  apply- 
ing the  pull,  as  shown  in  Fig.  35,  but  is  the  same  in  principle. 
(For  this  illustration  and  description  credit  is  due  the  Electri- 
cal Engineers*  Pocketbook,  by  H.  A.  Foster.)  This  apparatus 
is  fastened  securely  to  the  table  and  the  rigid  arrangement 
of  the  brass  frame  d  is  such  that  the  balance  is  suspended 
exactly  over  the  center  of  the  rod  and  yoke  so  that  all  side 
pull  is  avoided.  As  the  handle  ^  of  a  pinion  J  is  turned,  the 
rack  /  is  raised  and  the  pull  is  applied  to  the  specimen 
through  a  spring  balance  /.  A  spring  buffer  o  allows  the 
sample  to  rise  perfectly  free  but  only  for  a  distance  of  i  inch, 
when  it  takes  up  the  jar  resulting  from  the  sudden  release  of 
the  specimen.  Two  spring  balances  with  long  scales  are 
used;  one  measures  up  to  30  pounds  and  the  other  to  100 
pounds.  While  the  spring  balances  were  originally  made 
self-registering,  this  feature  is  no  longer  used  as  measure- 
ments can  be  made  quicker  and  with  sufficient  accuracy  with- 
out it.  For  a  sample  f  inch  in  diameter,  the  maximum  pull 
for  cast  iron  will  be  about  25  pounds,  and  for  mild  cast  steel 
about  70  pounds.  The  dimensions  of  the  bar,  yoke,  and  coil 
used  by  this  company  are  the  same  as  shown  in  Fig.  34. 
The  sample  is  finished  very  accurately  to  i  inch  in  diameter 
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in  order  that  it  may  fit  nicely  in  the  hole  through  the  yoke. 
The  surfaces  of  both  rod  and  hole  must  be  very  smoothly 
finished  to  reduce  the  friction  as  much  as  [rassible.  The 
magnetizine  coil  has  223  turns  and 
the  mean  length  /'  ot  the  magnetic 
circuit  is  estimated  as  11.74  centi- 
meters. By  means  of  the  adjustable 
resistance  Jl,  the  current  can  be 
varied  by  steps  of  .01  ampere  from 
zero  to  12.5  amperes,  the  latter 
giving  a  maximum  magnetizing  force 
X  of  300  lines  per  square  centimeter. 
This  is  about  as  high  a  value  as  is 
ever  required  in  practice.  The  mag- 
netizing force  is  calculated  from  the 
].2.'>7/7-   ^^^   ^   j^j^ 

case,  since  T  =  223  and  /'  =  11.74, 
therefore,  3C  =  23.8  /.  With  a  rod 
I    inch     in    diameter,    the    formula 


'S 


a  =  1,317  J-  +  X   reduces   to   « 

=  2,380  V^^-l-  JC.  By  having  a  table 
of  square  roots  for  each  possible  value 
of  /^  given  by  the  spring  balance  used,  it  will  be  seen  that  3e 
and  (B  can  both  be  very  quickly  calculated  from  corresponding 
observed  readings  of  the  ammeter  and  the  spring  balance. 
The  specimen  to  be  tested  is  first  demagnetized  by  placing 
it  in  the  field  of  an  electromagnet,  through  the  coil  of  which 
an  alternating  current  flows  while  the  specimen  is  gradually 
removed  from  the  field.  The  specimen  is  then  placed  in  the 
yoke,  care  being  taken  to  see  that  it  can  move  without  fric- 
tion and  that  it  rests  perfectly  flat  on  the  yoke,  from  which 
all  dust  and  dirt  have  been  carefully  removed.  A  series  of 
observations  with  different  currents  are  taken,  beginning 
with  the  smallest  current,  and  gradually  increasing  it  to  its 
greatest  value.  No  reading  should  ever  be  taken  if  the  cur- 
rent decreases  with  the  specimen  in  place.     If  this  happens 
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the  sample  must  be  first  demagnetized  and  the  current 
brought  up  to  the  strength  desired  without  allowing  it  to 
decrease  at  all.  The  most  convenient  way  is  to  adjust  the 
current  with  the  specimen  removed,  then  insert  the  specimen, 
and  give  it  a  turn  to  insure  good  contact  between  the  yoke 
and  specimen. 

Measurements  made  with  the  permeameter  are  subject  to 
several  sources  of  error  that  should  be  eliminated  as  far 
as  possible.  First,  there  is  an  error  due  to  the  unavoidable 
air  gap  between  the  specimen  and  yoke  at  the  upper  and 
lower  contact  surfaces;  these  air  gaps  increase  the  reluctance 
and  no  allowance  can  be  made  for  the  error  thus  introduced. 
But  by  careful  work  this  can  be  reduced  to  a  certain  point 
and  there  maintained  constant.  Second,  the  magnetic  lines 
that  leak  from  the  specimen  at  the  lower  end  are  not  cut  by 
all  the  turns  on  the  coil  and  the  error  due  to  this  increases 
as  the  magnetic  density  increases.  Third,  there  are  errors 
in  the  calibration  of  the  spring  balance  and  errors  in  reading 
the  same.  The  spring  balance  can  be  read  to  within  less 
than  1  per  cent,  and  as  the  square  root  of  the  pull  is  used, 
the  error  on  this  account  is  quite  small,  especially  with  large 
pulls.  For  this  reason  very  small  values  of  (B  cannot  be 
determined  with  much  accuracy. 

With  the  permeameter,  measurements  may  be  made  very 
quickly,  and  on  a  large  number  of  specimens,  which  is 
very  desirable  for  ordinary  shop  use.  While  it  is  a  good 
workshop  method  and  gives  values  that  are  comparatively 
correct  enough,  it  does  not  give  very  correct  absolute  values. 

38,  A  permeameter  may  also  be  fitted  with  a  small  coil 
for  testing  the  specimen  ballistically.  A  small  coil,  sur- 
rounding the  specimen  below  the  main  magnetizing  coil,  is 
attached  to  one  or  two  springs  so  arranged  as  to  make  the 
coil  fly  out  suddenly  when  the  rod  is  pulled  up.  A  ballistic 
galvanometer  connected  in  series  with  this  small  coil  will 
give  deflections  proportional  to  the  lines  of  force  cut  by  the 
coil.  In  this  way  the  ballistic  and  permeameter  methods 
can  be  used  to  check  one  another. 


56  ELECTRICAL  MEASUREMENTS  §10 

PERMEABILITY  BRIDOBS 
89.  A  i>erineablllty  bridge  is  an  apparatus  for  deter- 
mining in  a  simple  way  suitable  for  workshop  use  the  magnetic 
densities  in  iron  corresponding  to  given  magnetizing  forces. 
The  Ewlng  i>ermeabllity  bridtre  is  shown  in  Pig.  36. 
It  enables  the  curve  of  magnetic  induction  and  magnetizing 
force  (the  &~X  curve)  to  be  determined  with  ease,  in  a  way 
that  much  resembles  the  measurement  of  resistance  by  a 
Wheatstone  bridge. 


The  sample  /  under  test  is  in  the  form  of  a  short  bar, 
which  is  turned  to  the  same  diameter  as  a  standard  bar  e 
supplied  with  the  instrument.  The  &-X  curve  of  the  standard 
bar  having  been  determined  beforehand,  particulars  of  its 
quality  are  furnished  by  the  makers  along  with  the  instru- 
ment. The  test  of  any  sample  is  made  by  comparing  it  with 
the  standard,  in  order  to  see  what  magnetizing  force  will 
produce  the  same  induction  in  the  sample  as  a  given  mag- 
netizing force  produces  in  the  standard.  By  repeating  this 
comparison  with  several  values  of  the  magnetizing  force,  a 
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series  of  readings  are  obtained  that  enable  the  (B-3C  curve  for 
the  test  piece  to  be  drawn. 

The  two  bars,  namely,  the  standard  e  whose  (B-3C  curve  is 
known  and  the  bar  /  to  be  tested,  are  slipped  into  parallel 
magnetizing  coils,  which  are  hidden  by  the  cover  a,  and  their 
ends  joined  by  two  short  yokes  of  soft  iron.  In  the  figure, 
the  yokes  appear  at  the  ends  of  the  brass  cover  a,  which 
contains  the  two  coils.  From  the  yokes  two  long  iron  horns 
project  upwards  until  they  nearly  meet;  in  the  gap  between 
them  a  box  containing  a  compass  needle  is  placed.  This 
corresponds  to  the  galvanometer  of  a  Wheatstone  bridge;  it 
serves  as  a  detector  to  show  \^hen  the  two  yokes  are  at  the 
same  magnetic  potential,  or,  in  other  words,  to  show  when 
there  is  no  magnetic  flux  across  from  yoke  to  yoke  through 
the  two  iron  horns.  Such  a  condition  will  be  produced  only 
when  the  magnetic  flux  in  the  two  bars  is  the  same.  In  that 
case,  the  magnetic  circuit  consisting  of  the  two  bars  and  the 
yokes  will  be  complete  in  itself.  All  the  lines  that  go  from 
right  to  left  along  one  bar  will  return  from  left  to  right 
along  the  other;  the  yokes  will  be  at  the  same  magnetic 
potential,  the  horns  will  remain  unmagnetized,  and  the 
detector  wnll  not  deflect.  If  both  bars  have  the  same  per- 
meability, the  state  of  balance  will  be  produced  by  having 
the  same  number  of  ampere-turns  act  on  each;  but  if  they 
differ  in  quality,  the  condition  of  balance  can  still  be  pro- 
duced by  altering  the  relative  number  of  ampere-turns.  To 
do  this,  the  number  of  turns  in  the  magnetizing  coil  of  the 
sample  bar  is  altered  by  means  of  the  dial  switches,  while 
the  same  current  passes  through  both  coils. 

To  get  rid  of  all  effects  of  hysteresis  in  the  bars,  and  in 
the  yokes  and  horns,  a  reversing  key  b  is  worked  while  the 
adjustment  proceeds,  and  the  balance  is  perfect  when  each 
reversal  produces  no  permanent  displacement  of  the  compass 
needle  between  the  horns.  A  transient  kick  will  even  then 
in  general  be  observed,  owing  to  the  difference  in  the  time 
rate  with  which  the  two  bars  take  up  their  magnetism.  In 
practice,  the  adjustment,  by  means  of  the  dial  switches,  is 
very  readily  made  and  takes  no  longer  than  the  corresponding 
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process  in  measuring  resistances.  To  prevent  the  current 
from  altering  while  the  adjustment  is  going  on,  the  switches 
are  furnished  with  a  second  set  of  contacts,  which  throw  in 
compensating  resistances  as  the  number  of  turns  in  the 
magnetizing  coil  is  reduced,  with  the  effect  that  the  total 
resistance  of  the  circuit  remains  unchanged.  The  clear 
length  of  each  bar  is  12.66  centimeters  (4^-),  and  the  number 
of  turns  in  the  magnetizing  coil  of  the  standard  bar  is  100. 
Hence,  the  magnetizing  force  due  to  its  coil  is  10  C.  G.  S. 
units  for  each  ampere  of  current.  This  allows  any  required 
magnetizing  force  to  be  easily  applied,  with  the  aid  of  an 
ammeter  and  an  adjustable  resistance  outside  the  instru- 
ment. Further,  since  the  relation  of  (B  to  3C  is  known  for  the 
standard  bar,  a  knowledge  of  the  current  is  enough  to  show 
at  what  value  of  the  flux  density  (B  the  comparison  is  being 
made,  and  (B  is,  of  course,  the  same  for  both  bars  when  the 
condition  of  balance  is  produced.  The  number  of  turns  on 
the  other  bar  then  gives,  by  its  ratio  to  100,  the  ratio  of  the 
magnetizing  force  required  for  that  bar  to  the  known  force 
applied  to  the  standard.  For  instance,  if  the  number  of  turns 
on  the  sample  is  126,  which  is  given  on  the  dial,  the  sample 
requires  Hi  of  the  magnetizing  force  that  the  standard 
requires  to  produce  the  same  flux  density.  Whep  the  current 
is  1  ampere,  3C  for  the  standard  is  10  and  the  magnetizing 

10  X  126 
force  acting  on  the  sample  is  -        -      ,or  12.6   The  value  of 

(B  is  found  by  reference  to  the  table  accompanying  the 
standard  bar.  Hence,  a  point  in  the  (B-X  curve  of  the  bar 
under  test  is  determined,  and  by  changing  the  ciurent  as 
many  points  as  are  wished  may  be  found. 

The  dial  switches  give  the  means  of  increasing  the  number 
of  turns  on  the  test  piece  up  to  210.  In  cases  where  the 
test  piece  is  magnetically  much  worse  than  the  standard,  a 
ratio  of  rather  more  than  2  to  1  may  be  insufficient;  and  to 
provide  for  that  there  is  a  two-way  arrangement  d  by  which 
the  number  of  turns  on  the  standard  bar  is  readily  reduced 
to  60,  with  the  result  that  3C  becomes  6  instead  of  10  per 
ampere,  and  the  sample  under  examination  may  then  have 
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applied  to  it  more  than  four  times  as  much  magnetizing  force 
as  the  standard  bar.  The  sensitiveness  of  the  compass 
needle  is  adjusted  by  raising  or  lowering  the  directing 
magnet  g^  and  the  latter  is  manipulated  so  as  to  bring  the 
compass  needle  into  a  central  position  before  each  reversal 
of  the  key. 

When  it  is  desired  to  test  the  permeability  of  sheet  metal, 
the  samples  are  formed  by  piling  up  a  number  of  straight 
strips,  giving  a  total  cross-section  equal  to  that  of  the 
standard,  and  a  different  form  of  yokes  is  required.  In  the 
arrangement  used  with  bars  the  latter  are  slipped  through 
holes  in  which  they  are  a  loose  fit,  and  then  pressed  against 
the  middle  portion  of  the  yokes  by  a  pair  of  set  screws  outside. 

This  permeability  bridge  may  be  applied  to  determine  the 
(B-3C  curve  for  low  as  well  as  for  high  magnetizing  forces, 
using  currents  ranging  down  to  .2  ampere  or  even  less.  Com- 
plete directions  for  the  use  of  the  Ewing  permeability  bridge 
are  given  in  a  pamphlet  that  the  makers  send  with  the  bridge 
and  hence  it  is  not  necessary  to  give  them  here. 

40.  The  Holden  permeability  bridge,  designed  for 
the  General  Electric  Company,  depends  on  practically  the  same 
principles,  but  instead  of  varying  the  number  of  turns  and 
keeping  the  current  through  both  coils  the  same,  as  in  the 
Ewing  bridge,  the  number  of  turns  is  kept  the  same  and  the 
current  in  each  coil  is  varied  until  a  compass,  placed  directly 
over  the  middle  of  the  two  bars,  gives  no  deflection. 


DETERMINATION  OF  HTSTERESIS 


BY    USE    OF    WATTMETER 

41.  When  the  iron  is  to  be  used  in  alternating-current 
apparatus,  it  is  usually  desirable  to  determine  the  loss  due 
to  hysteresis  by  means  of  an  alternating  current  and  as 
nearly  as  possible  under  wjorking  conditions.  This  can  be 
done  by  using  an  alternating  current  of  the  proper  frequency, 
a  wattmeter,  and  an  alternating-current  ammeter.    In  Fig.  37, 
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D  represents  a  generator  of  alternating  cnrrent  of  the  proper 
frequency  «,  F  the  current  coil,  E  the  potential  coil,  and  r 
the  non-inductive  resistance  of  an  ordinary  wattmeter,  A  an 
alternating-current  ammeter,  S  the  sample  of  iron  to  be 
tested,  and  M  an  adjustable  resistance.  The  sample  must 
consist  of  a  pile  of  disks,  or  long  and  relatively  narrow  strips, 
of  thin  sheet  iron  or  steel,  and  all  disks  and  strips  must  be  well 
shellaced  and  dried  before  they  are  placed  together,  as  the 
method  cannot  be  used  with  solid  or  electrically  connected 
rings  or  rods  on  account  of  the  loss  due  to  the  currents 
induced  in  the  iron  by  the  alternating  current  in  the  coil, 
and  which  in  this  method  is  inseparable  from  that  due  to 
hysteresis.     The  insulating  of  the  disks  from  one  another 


^T^^: 
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by  shellac  or  tissue  paper  prevents  the  generation  of  induced 
currents  of  sufficient  magnitude  to  impair  the  accuracy  of 
the  results  obtained. 

Adjust  the  resistance  M or  the  voltage  of  the  generator/?, 
to  give  the  current  desired.  Let  P'  be  the  reading  of  the 
wattmeter,  in  watts;  /  the  reading  of  the  ammeter,  in 
amperes;  w  the  frequency,  R  the  resistance,  in  ohms,  of  the 
coil  of  wire  wound  on  the  sample  5*  and  preferably  including 
also  the  resistance  of  the  ammeter  A\  and  V  the  volume  of 
the  iron  sample.  The  volume  of  the  iron  sample  is  equal 
to  the  product  of  the  thickness  of  one  sheet,  its  width,  mean 
length,  and  the  number  of  sheets.  Since  PR  represents 
the  watts  lost  in  the  copper  winding  and  preferably  also 
in  the  ammeter  A,  then,  if   V  is  in  cubic  centimeters,  the 
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watts  lost  in  hysteresis  per  cubic  centimeter  for  1  per  cycle 
per  second  (or  the  joules  per  cubic  centimeter  per  cycle)  is 
given  by  the  formula 

P  =  ^--^^  (10) 

Vn 

The  resistance  R  can  be  measured  by  any  suitable  method, 
but  it  cannot  be  correctly  determined  by  Ohm's  law  from  the 
readings  of  an  alternating-current  voltmeter  and  ammeter 
obtained  with  an  alternating  current.  It  may  be  thus  deter- 
mined, however,  if  a  direct  current  is  used. 


EWING'S    HYSTERESIS    METER 

42.  A  hysteresis  meter  is  an  instrument  for  measuring 
the  hysteresis  in  sheet  iron  and  steel.  E-wing's  hysteresis 
meter  does  this  in  a  simple  way  suitable  for  workshop  as 
well  as  laboratory  use.  The  operation  of  this  instrument, 
which  is  shown  in  Fig.  38,  is  entirely  mechanical,  and 
requires  no  knowledge  of  electrical  testing,  and  it  has  the 
further  advantage  of  using  easily  prepared  samples.  A  few 
strips  of  the  iron  to  be  tested  are  cut,  or  stamped,  \  inch 
wide  and  3  inches  long.  They  are  filed  to  the  exact  length 
when  clamped  in  a  gauge,  which  is  provided  with  the  instru- 
ment, and*  are  then  inserted  in  the  carrier  «,  which  is  made 
to  revolve  by  turning  a  handle.  The  carrier  turns  between 
the  poles  of  a  permanent  magnet  ^,  which  is  suspended  on  a 
knife  edge  at  c.  In  consequence  of  the  hysteresis  of  the 
specimen,  which  causes  it  to  resist  any  change  in  the  mag- 
netic state  that  it  may  have  acquired,  the  magnet  is  deflected, 
and  the  amount  of  its  deflection,  which  increases  with  the 
hysteresis,  is  observed  by  means  of  a  pointer  and  scale. 
From  the  observed  deflection  the  hysteresis  of  the  specimen 
may  be  determined.  The  deflections  are  practically  the 
same,  with  even  a  great  variation  in  the  thickness  of  the  pile 
of  test  pieces,  so  that  no  correction  has  to  be  made  for  such 
variation.  The  magnetic  density  is  practically  the  same  in 
all  specimens,  notwithstanding  differences  in  the  permeability 
of  the  iron,  because  the  permanent  magnet  remains  constant 
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in  strength  and  the  reluctance  of  the  air  gaps  remains  con- 
stant. Moreover,  the  reluctance  of  the  air  gaps  plus  that  of 
the  permanent  magnet  is  so  large  in  comparison  with  the 
reluctance  of  any  specimen  of  iron  likely  to  be  tested,  that  a 
change  in  the  reluctance  of  the  iron  specimen  has  no 
appreciable  effect   on   the   total   reluctance   of   the   circuit. 


Hence,  the  magnetomotive  force  and  reluctance  are  prac- 
tically constant  quantities  and  consequently  the  flux  is 
constant  for  any  specimen.  The  hysteresis  of  a  specimen 
varies  about  as  the  1.5  or  1.6  power  of  the  flux  density, 
If  the  flux  density  is  constant  then  the  hysteresis  of  any 
one  specimen  remains  constant. 

Two  standard  samples  (with  Professor  Ewing's  certificate) 
are  provided  with  the  instrument,  having  stated  amounts  of 
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hysteresis.  The  hysteresis  of  any  other  specimen  is  deter- 
mined simply  by  comparing  the  deflection  produced  by  it 
with  the  deflections  produced  by  the  standard  samples.  As 
the  standard  samples  may  change  somewhat,  Professor  Ewing 
recommends  that  they  be  recalibrated  from  time  to  time. 
That  is,  their  hysteresis  loss  should  be  carefully  determined 
by  the  ballistic-galvanometer  method  either  by  the  owner  of 
the  instrument  or  by  the  maker,  to  whom  the  standard  samples 
may  be  returned  for  recalibration.  This  also  applies  to  the 
standards  used  in  permeability  bridges.  Complete  directions 
for  the  use  of  Ewing*s  hysteresis  meter  are  given  in  a  pam- 
phlet that  the  makers  send  with  the  instrument  and  hence  it 
is  not  necessary  to  give  them  here. 

43.  The  most  important  electrical  measurements  and 
their  general  applications  have  been  described,  but  for 
particular  cases  these  methods  must  often  be  combined 
and  many  modifications  made  in  details. 


INDEX 


Note.— All  items  In  this  index  refer  first  to  the  section  and  then  to  the  pare  of  the 
section.  Thus.  "Abscissas  4  38"  means  that  abscissas  will  be  found  on  pajre  33  of 
section  4. 


A  Sec. 

Abscissas 4 

Absolute  measurement  of  capacity  9 

units 1 

Absorption 3 

capacity,  and  leakage  .  9 

Residual 3 

Acid.  Chloric     6 

"      Chlorous 6 

Hydrochloric 6 

Hypochlorous 6 

"      Nature  of 6 

••      Perchloric 6 

Acids     6 

"     and  bases.  Common   ....  6 

'*     bases,  and  salts 6 

"     Basicity  of 6 

Acme  portable  testins:  set 9 

Action  between  turns  of  a  coil    .  .  5 

in  a  cell.  Chemical 2 

Theory  of    ....  2 

Local 2 

6 


"       of  a  current  on  a  magrnet   .  5 
"  one  current  on  another  .  5 
Active  materials  of  storafife  bat- 
teries    6 

Adjustable  condensers 3 

Affinity     6 

Air.  Dielectric  strenfi:th  of  ....  .  3 

Alkalies  as  bases 6 

Alloys.  Resistance  of 8 

Altematins:  current 2 

*'  current  method  of 
measuring  induct- 
ance    9 

currents.      MeasnrinsT 

capacity  by 9 

Amalsraraation 6 

7 

American,   or   Brown   &   Sharpe 

flraufire S 


Paxe 
38 
53 
6 
56 
24 
58 
21 
21 
21 
21 
14 
21 
21 
10 
14 
19 
72 
27 
2 
6 
7 
41 
10 
12 

54 
55 
11 
45 
21 
4 
6 


58 

54 
43 
19 

28 


5a:. 
Ammeter  and  voltmeter.  Measure- 
ment of  resistance  by  10 
"         Calibration    of    an.    by 

Franklin's   method .  .  9 
"         Calibration  of.  by  poten- 
tiometer       9 

'*         Increase  of  ransre  of   .  .10 
"         Measurement  of  current 

by 10 

shunt 10 

"         Weston   direct-current .  10 

Ammeters 8 

10 

Calibration  of 9 

"  Measurements  with 

voltmeters  and    ...  10 

"          Voltmeters  and  ....  10 
Ammonia    and    the    ammonium 

radical 6 

Ammonium 6 

Amount  of  substance  liberated  by 

electrochemical  action 6 

Ampere 2 

"       and  coulomb.  Relation  of  2 

"       hour  capacity 7 

hour    capacity.    Formula 
for  calculation  of  ...  .  6 
**       hour  capacity  of   a  sub- 
stance    6 

"       hour  capacity  of  metals. 

Calculation  of 6 

hour  efficiency 6 


'       turn  curves 4 

turns 4 

Amperemeters     8 

Analosrles    between    the    flow   of 

water  and  electricity 2 

Analytical  reactions 6 

Anfifle  of  incidence 8 

"      ••  reflection 8 


Page 

13 

70 

69 
7 

12 
4 

5 

54 

6 

69 

11 
1 

24 
24 

29 
18 
28 
67 

47 

46 

47 
49 
78 
63 
59 
54 

47 
4 

17 
17 


XI 


Xll 


INDEX 


Sec.  Page 

Anhydrides 6  24 

Anions 6  26 

Anode 2  4 

6  26 

materials 6  5S 

Anthony  bridsre.  Modified 8  64 

Apparatas.  Miscellaneous    meas- 
urements and 9  59 

Application  of  primary  batteries  .  7  60 

Armature  or  keeper 1  27 

Arm  A,  Best  arrangement  of     ...  8  66 

Artificial  magnets 1  27 

Astatic  magnets 8  18 

Atom 6  1 

Atomic  theory 6  9 

weights 6  9 

Atoms.  Molecules  and 6  4 

**       Nomenclature  of  elemen- 
tal molecules  and  ....  6  6 
Available  and  total  E.  M.  P.    ...  2  61 

Avogadro's  law 6  6 

Axis  of  magnetism 1  28 

Ayrton.  or  universal,  shunt  ....  8  40 

B 

Balance.  Law  proved  by  torsion    .  1  12 

Torsion 1  11 

Balancing  to  a  false  zero 9  17 

"          •'  •*  true,  or  scale,  zero  9  17 

Ballistic  galvanometer 8  27 

"        galvanometer.  Calibra- 
ting a 8  31 

*'        galvanometer.    Long-coil 

method  of  calibrating  a  8  31 
"        galvanometer  method  of 
determination  of  mag- 
netic properties^  of  iron  10  42 
"        galvanometer.    Standard 
condenser    method    of 

calibrating  a 8  38 

Base,  Nature  of 6  14 

Bases 6  21 

acids,  and  salts 6  14 

*'      Alkalies  as 6  21 

Common  acids  and     ....  6  16 

Basicity  of  acids 6  19 

Batteries,  Active  materials  of  stor- 
age    6  54 

'*          Application  of  primary  7  60 
Historical    sketch    of 

primary 7  1 

"          Internal  resistance  of   .  3  23 

M               ..                  ..           **    .  9  10 

Plunge 7  17 

Primary 7  1 

Battery  efficiency 6  49 


Sec, 

Battery  equations 6 

of  jars 1 

"       Poggendorff's 7 

Voltaic 2 

Bichromate  cells 7 

"     Care  of 7 

"     Electrolyte  for   .  7 

"     Puller 7 

"           depolarizer 7 

Binary  compounds 6 

Binding    posts    to    carbon    elec- 
trodes, Pastenlng  of 7 

Birmingham    gauge    for    copper 

wire    . 3 

Body,  Physical  and  chemical  prop- 
erties of  a 6 

Bolt-and-nut  rule 1 

Bound  charge 1 

Branches,  Currents  in 3 

Resistance  of 3 

Bridge,  Conductivity 9 

Ewing  permeability     ...  10 
**       for  general  testing.  Porm 

of 8 

H  olden  permeability  ...  10 

Meter 9 

Modified  Anthony 8 

"       ratio 9 

Slide-wire 9 

Wheatstone 8 

Bridges.  Permeability 10 

Precautions  in  using  con- 
ductivity    9 

British  thermal  unit 4 

"       thermal  units  and  Joules. 

Relation  between   ....  4 

Broken  or  opened  circuits     ....  2 
Brown  &  Sharpe  gauge  for  copper 

wire 3 

or    American 

gauge 3 

Bunsen  cell 7 

C 

Cable,  Diagram  of  connections  for 
determining  the  capacity 

of  a 9 

"      testing  key.  Combination    .  9 

Cadmium  cell,  Weston 7 

Calculating  magnetic  leakage  ...  5 

the  constant.  Rule  for  9 
Calculation  of  amount  of  liberated 

substance    ....  6 
**           *'  ampere-hour  capac- 
ity. Formula  for  .  6 


Page 
50 
24 

18 
7 
1 

14 
19 
16 
21 
14 
20 

34 

36 

1 
S3 
17 
20 
20 

6 
56 

66 
59 

1 
64 
76 

1 
58 
56 

9 

8 

10 
10 

34 

28 
U 


47 
31 
57 
8 
21 

31 

47 


INDEX 


Xlll 


Sec. 


6 


6 
9 
9 

8 


Calculation  of  ampere-hour  capac- 
ity of  metals    .... 
**  of  electrochemical 

equivalents 6 

of  E.  M.  P.  from  heat 
of  combination  .  .  . 
of  insulation  resist- 
ance  

CalibratinfiT  a  ballistic  sralvanom- 

eter 

"  a  ballistic  sralvanom- 

eter.  Condenser 

method  of 8 

**  a   sralvanometer, 

Lonsr-coil  method  of     8 

Calibration  of  ammeters 9 

"  of   an    ammeter  by 

Franklin's  method   .     9 
'*           of  ammeter  by  poten- 
tiometer      9 

"          of  tansrent  sralvanom- 
eter        8 

**  of  voltmeter,  Carhart's 

method  of 9 

"          of  voltmeter  by  Frank- 
lin's method    ....     9 
"          of  voltmeter  by  poten- 
tiometer          9 

Caloric 4 

Capacity.  Absolute  measurement 

of 9 

absorption,  and  leakage     9 
and   resistance.   Elec- 
trical         3 

by  alternatinfif  currents, 

Measurement  of   .  .  .     9 
Conditions  ffovemins:    .     1 
Direct-deflection 
method    for    measur- 

insr 9 

Electrostatic 8 

9 


Gott's  method  for  meas- 

urinsr 9 

of  a  cable,  Diagram  of 
connections   for   de- 

terminins:  the 9 

of  condensers 3 

Units  of 3 

Carbon  as  anode  material     ....  6 
"        electrodes.  Fas  ten infbind- 

insr  posts  to 7 

Cardevv  voltmeter 10 

Carhart-Clark  standard  cell ....  7 
Carhart's  method  of  calibration  of 

a  voltmeter 9 


age 

Sec. 

Page 

Cathode 

2 

4 

47 

•  ■ 

6 
6 

25 

Cations 

26 

29         Cell,  Bunsen 

11 

*     Carhart-Clark  standard   .  .  . 

55 

62 

*     Chemical  action  in  a 

2 

22 

efficiency  of  a  .  .  . 

73 

22 

•     Clark 

54 

*     Crowfoot 

26 

81 

•     Daniell 

25 

*     Direction  of  current  in  a  .  .  . 

6 

'     Edison-Lalande 

44 

38 

*     Efficiency  of  a 

73 

•     E.  M.  F.  of  a 

50 

31 

•               4<            »•           <•        **       t. 

12 

69 

•     Fuller 

21 

"     Galvanic 

3 

70 

II           «« 

35 

I           •• 

1 

69 

"     Gassner 

41 

*     Gonda    

36 

10 

"     Gordon 

48 

"     Grenet 

16 

68 

"     Grove     

10 

"     Harrison 

50 

67 

"     Hercules 

9 

'•     Laclede ,  .  .  .  . 

9 

65 

'*     Lalande-Chaperon 

44 

11 

'*     Law  open-circuit 

8 

"     Leclanch6 

32 

58 

'*     Little  Giant 

9 

24 

•     Minotto's 

?7 

"     New  Excelsior  dry 

42 

1 

"     Nunsresser  dry 

41 

'•     Partr 

23 

54 

"     Primary 

35 

24 

It           <• 

1 

"     Properties  of  a  (rood  primary 

5 

"     Smee 

6 

44 

"     Standard  Daniell 

58 

40 

Fuller 

22 

44 

"     Storasre 

6 

36 

"     Theory  of  action  in  a     .... 

2 

5 

50 

"     Voltaic 

2 

3 

II          •• 

6 

35 

II          •« 

1 

47 

"     Weston  cadmium 

57 

52 

"     Zinc-ammonium  chloride-car- 

50 

bon  

7 

54          C 

ells.  Bichromate 

14 

Care  of  bichromate 

19 

34 

"      CarinsT  for 

29 

10 

Classification  of  primary  .  . 

3 

55 

Cleaninsr 

30 

Closed-circuit 

4 

68 

"     Connectinsr.  togrether  .... 

64 

XIV 


INDEX 


Cells.  Current  in  a  circnit  contain- 

ins:  voltaic 

Dry 


•« 
•• 
•• 

•  4 
*4 
t* 

t4 


Electrolyte  for  bichromate  . 

i£.   U.  Mr.  OI       ••....... 

groups  of  ...  . 

havinsT  no  chemical  depolar- 
izer     

in  multiple  series 

"  parallel 


senes 


*• 

•  4 
41 

•  4 
41 

•  i 
4« 
44 
44 
44 
14 
14 
44 


joined  in  parallel-series 
••       •'  series    .... 

Open-circuit 

Primary  and  storasre  . 
Silver-chloride  .... 
Slnele-fluid 


Standard 


Testinsr 

Tests  on  closed-circuit  .  .  . 

"  open-circuit  .... 

Two-fluid 


44 
44 


Voltaic 

with  a  liquid  depolariser   . 

m 

**     "  solid  depolariser  .  . 


11 

41 


Centitrrade  and  Fahrenheit  dearrees 
Rule  to  convert  Fah- 
renheit to 

Centimeter 

^am-second  system  . 
Square 

C.  G.  S.  unit  current 

field 

of  current 

4.  .1  .4  11  .4  difference  of  poten- 
tial     

*'   "    **      "     "  resistance 


Charge   and    current,    DIflFerence 

between 

"  "      discharsre  curve  .  . 

Bound    

"        Condenser 

Electric 

Free 

Location  of 

Nesrative 

Positive 


•1 
ti 
•1 


Sec,  Page  See.  Page 

Charge.  Residual 1  24 

8       25               "               "           3  58 

7         2        Charees.  Static 1  3 

7       40               *•             "        1  7 

7       16        Chemical  action 6  13 

10       2S  "              •*      Division  of ....  6  4 

2       12  "              "      E.  M.  F.  dueto.  .  2  2 

"      Heat  from  .  .  .  .  «  12 

7  S               "              "     in  a  cell 2  2 

8  24  '*         and    physical    changes, 

8       24  Difference  between .  .  6  2 

7       64  **         combination,  L4kws  of     .  6  4 

5  24  *'         compounds,  Nomencla- 

7       66                             tureof 6  20 

2      18  **         compounds.  Mechanical 

2       12                             mixtures  and '6  8 

7        4  **         definition  of  molecule .  .  6  4 

6  85               "         depolarization 6  45 

7  62  "         efficiency  of  a  cell ....  7  78 

7         8               "         equations 6  15 

7       20               "         meter.  Edison 10  89 

7       68  "         properties  of  a  body    .  .  6  1 

7         4               '*          symbols 6  7 

7       71  Chemistry  and  electrochemistry   .  6  1 

7       76                 "          Principles  of 6  1 

7       74         Chloric  acid 6  12 

7         3         Chloride  depolarizers 7  51 

7       21         Chlorous  acid 6  21 

7         1  Circuit.  Compound  maarnetic  ...  4  60 

7         3  "       containing    voltaic    cells. 

7       10                          Current  in 8  25 

7       82               *'       Current  in  a 7  68 

7  4               *•       Divided 2  11 

8  89               "       External 2  11 

Grounded 2  11 

9  6               "       Internal 2  11 

18  "       Law  of  the  magnetic   ...  4  49 

14              "       Magnetic 4  1 

14  **       Principles  of  the  magnetic  4  48 

2       18  '*       Reluctance  of  compound .  4  60 

1  85         Circuits 2  10 

2  89  "       Broken  or  opened    ....  2  10 

"       Closed  or  completed  ...  2  10 

2       89               *'       Magnetic 4  19 

2       88  "       Parallel  or  divided  ....  8  16 

2       89               "       Resistance  of 3  16 

Circular  measure 3  27 

2         9                "        mil 8  27 

25         Clark  cell 7  54 

17         Classes  of  elements 6  6 

50  Classification  of  molecules   ....  6  4 

3  "              **  primary  batteries  7  3 

17  ••             *'        •'        cells    .  .  7  3 

24         Cleaning  cells 7  80 

8         Closed-circuit  cells 7  4 

8              Tests  on  ...  7  76 


i 


INDEX 


XV 


Ser. 

Closed  Or  completed  circuits   ...  2 

CoefiScient,  Temperature S 

Coefficients  for  copper  wire.  Tem- 
perature     3 

Coercive  force 4 

Coil,  Action  between  turns  of  a  .  .  5 
'*    Maffnet   inducinsr   a  current 

in  a 5 

Coils,  Comparison   between  vari- 
ous      5 

"      Form   of    standard    resist- 
ance    9 

**      Induction 5 

Combination  cable-testinir  key   .  .  9 

Heat  of 6 

**            Laws  of  chemical .  .  6 

Commercial  instruments 10 

salts 7 

Common  acids  and  bases 6 

Commutator.  Pobl 8 

Compass,  Maenetic 1 

Compensated  wattmeter,  Weston  10 

Compensatinsr  resistance 8 

Completed  or  closed  circuits    ...  2 
Component  of  the  earth's  masnet- 

ism  for  the  year  1903.  Horizontal  8 

Compound  circuit.  Reluctance  of  .  4 

magnetic  circuit     ...  4 

"          molecules 6 

Molecular  weififht  of  a  .  <S 

Compounds,  Binary 6 

"             Endothermic    ....  6 

Exothermic 6 

"  Mechanical  mixtures 

and  chemical   ...  6 
"            Nomenclature  of 

chemical 6 

**             Quartern  ary     ....  6 

Stable 6 

"             Ternary <S 

*'  used    frequently    in 

battery  work    ...  6 

Condenser 1 

3 

charsre 3 

"  method  of  determininsr 

interna]  resistance  .  .  9 

Condensers 5 

Adjustable 3 

Capacity  of 3 

Electrical 3 

in  parallel 8 

••  series 3 

Conductance 1 

3 

Conductivity  bridfire 9 


10 
83 

38 
39 
27 

14 

42 

2 
87 
81 
13 
4 
1 
39 
16 
48 
28 
86 
87 
10 

7 

60 
60 

4 
11 
20 
14 
14 

8 

20 
20 
11 
20 

23 
20 
41 
50 

12 
49 
S5 
52 
50 
54 
54 
15 
7 
6 


Sec.  Paz* 


Conductivity  bridcres.  Precautions 

inusinsr 9 

Percentage  of  ...  .     3 
Conductor  in  a  magnet  field.  Mo- 
tion of  a 5 

Conductors  and  insulators    ....     1 
* '  Preparation  of  the  ends 

of  insulated 9 

"  Resistance  of 8 

Connections 5 

"  for  direct -deflection 
method  of  determin- 
ing  insulation  resist- 
ance    

"  Multiple  or  parallel 

*'  of  voltameters  .  .  . 

"  Parallel   or  multiple 

series 2 

Consequent  poles 1 

Constant  of  the  galvanometer    .  .     8 
"         Rule  for  calculating  the  .     9 

Taking  the 9 

Construction  of  a  high  resistance  .     9 
Continuous  or  direct  current    ...     2 

Controlling  magnet 8 

Conversion  of  temperature  scales     9 
Copper  blocks  of  slide-wire  bridge 

"       sulphate  solution 

"  voltameter  method  of  elec- 
trochemical measure- 
ments       8 

"       wire 8 

"          "     Birmingham  gauge   .     8 
"     B.&S.  gauge   ....     8 
*•    Temperature    coeffi- 
cients for 3 

Coulomb 1 


9 
8 


'*         and  ampere.  Relation  of  2 
Coulombs  per  gram  equivalent  of 

a  substance 6 

Couple,  Voltaic 2 

Creeping  of  salts 7 

Crowfoot  cell 7 

*'         gravity  cell.  Setting  up 

the     7 

Current 2 

Action  of  one,  on  another  5 

Alternating 2 

and  charge.  Difference  be- 
tween    2 

"    potential 2 

quantity  of  electricity  2 

C.  G.  S.  unit 2 

of 2 

Direct  or  continuous  ...  2 


9 
8 

17 
14 

27 

5 

46 


80 
12 
49 

12 

82 

6 

21 

20 

29 

6 

9 

6 

1 

48 


45 
80 
86 
84 

88 
18 
28 
28 

80 

4 

80 

26 

28 

29 

12 

6 

9 

I 

27 

18 

39 

6 


XVI 


INDEX 


5^. 

Current,  Electric 1 

Extra 6 

"       in  a  cell.  Direction  of  .  .  .  2 

circuit 7 

containing  vol- 
taic cells    .  .  8 

coil.  Masmet  indncinff 

a 6 

*'       Maximum     7 

**       Measurement  of.  by  am- 
meter    10 

"       Measurinsr  a 10 

instrument. 
Ranfire  of  .  .  8 
'*  Motion  produced  by  a  .  .  2 
"  on  a  mainiet.  Action  of .  .  6 
"  Quantity  of  water  decom- 
posed by  an  electric  .  .  2 
"       Rule  to  find  strength  of  an 

electric 2 

Currents  and  masmetic  fields.  Re- 
action between    ....  6 
"         Detection  of  earth  ....  9 
••  troUey  ...  9 
Elimination  of  earth    .  .  9 

"         in  branches       8 

**         Induced 6 

**         Measurement  of  capacity 

by  altematinsr 9 

**         Use  of  shunts  in  measur- 

inar  transient 9 

**         Use  of  thermoelectric  .  .  2 

Curves.  Ampere-turn 4 

Method  of  plotting   ....  4 

of  magnetisation 4 

D 

Damping: 8 

"         effect.  Cause  of 10 

Daniell  cell 7 

•'    Standard 7 

D'Arsonval  galvanometer    ....  8 
sralvanometer  as  bal- 
listic sralvanometer .  8 

Dead-beat  instruments 10 

"     Meaninsrof 8 

Decomposition,  Electrochemical  .  6 
Definite  proportions.  Law  of    .  .   .  6 
Deflection  through  insulation  ...  9 
Desrrees.  Centigrade  and  Fahren- 
heit   S 

Density 6 

Masrnetlc 4 

Unit  of  masmetic 4 

Depolarization,  Chemical 6 


Pagt 
8 
83 
6 


25 

14 
89 

12 
80 

11 
18 
10 

81 

80 

10 
84 

84 
17 
20 

14 

64 

47 
24 
68 
86 
82 


18 
8 
25 
68 
22 

30 
8 

26 

25 
7 

21 

39 
6 
23 
23 
45 


Sec.  Pagt. 
Depolarization.  Mec.hanical  and 

physical    ....     6       45 
Polarization  and  .     6       44 

Rate  of 6       46 

Depolariser 6       44 

Bichromate 7       14 

Efficiency  of 6       48 

Depolarizers,  Chloride 7       61 

Desism  of  electromagnets 4       71 

Determination  of  B.  M.  P 5       24 

**              of  hysteresis    ...    10       69 
**             of  hysteresis  by 
use  of   a  watt- 
meter    10       59 

**  of  magnetic  prop- 

ties  of  iron     ...   10       42 
**  of  power  expended 

in  a   direct -cur* 
rent  circuit    ...   10       88 
Determining   B.   M.    P.   of  cells, 
Volt-and-am  meter 
method  of    ....   10       24 
**  internal    resistance. 

Condenser  method 

of 9       12 

**  internal    resistance, 

Hal  f  -  tansrent 
method  of     ....     9       10 
Diagram  of  connections   for  de- 
termining the  capacity 

of  a  cable 9       47 

Thermoelectric 2       22 

Diamaffuetism 4       48 

Dielectric 1       25 

mediums,    Wayes 

throui;h 5       52 

strensrth 8       48 

8       48 

of  air 8       46 

Dielectrics.  Inductivity  of 8       42 

Properties  of 8       42 

Difference  of  potential 2        8 

Measurinir 

the   .  .  .    10       81 
Direct-current  ammeter,  Weston  .    10        5 
circuit.   Determina- 
tion of  power  ex- 
pended in  a     ...    10       38 
"      deflection  method  of  meas- 
uring insulation  resistance     9       19 
deflection  method  for  meas- 

urinsr  capacity 9       44 

"       or  continuous  current    ...     2         6 
reading:  wattmeters.    Port- 
able   10       85 

Direction  of  current  in  a  cell    ...     2        6 


INDEX 


xvii 


Sec, 

Direction  of  lines  of  force 1 

DiRsociation.Thcory  of  electrolytic  6 

Divided  circuit 2 

**       or  parallel  circuits    ....  S 

Double,  or  two-scale,  voltmeters  .  10 

Drift 8 

Drop  of  potential 2 

Dry  cell.  New  Excelsior 7 

"      "     Nunsresser 7 

••    cells 7 

Dynamo 2 

*'        Measurement  of  insula- 
tion resistance  of  a    .  .  10 

Dynamometer.  Siemens 10 

Use  of 10 

Dyne 1 

E 

Earth  currents.  Detection  of    .  .  .  9 
Elimination  of  .  .  9 
Earth's  field.  Horizontal  compo- 
nent of  the 8 

masrnetism.  Horizontal 

component  of  the  ....  8 

Edison  chemical  meter 10 

"      Lalande  cell 7 

EfiSciency.  Ampere-hour 6 

Battery 6 

Electrical 7 

of  a  cell 7 

•*  depolarizer 6 

Watt-hour 6 

Electric  charsre 1 

"       current 1 

Onantity  of  water 

decomposed  by 

an 2 

Rule     to     find 

strensrth    of   .  .  2 

,  "       power 4 

"       series      1 

'*       waves 6 

"       work  and  power 4 

Electrical  condensers 8 

efficiency 7 

"         horsepower 4 

**         measurements 8 

"                    ••                9 

!  !  !  !  !  10 
mechanical,    and  heat 

enerfiies,  Relations  of  4 

resistance 1 

and  capacity  8 


Pajre 
30 
27 

n- 

16 
10 
10 
'46 
42 
41 
2 
40 
42 

22 

29 

80 

5 


84 
17 


7 
89 
44 

49 
73 
49 
78 
78 
48 
49 
73 
8 
8 


81 

80 
4 

9 

60 

1 

50 

78 

16 

1 

1 

1 

8 

15 

1 


Sec. 

Electrical  units 1 

6 

Electricity  and  mafimetism    ....  1 
"           and     water,    Analogry 

between  the  flow  of .  2 

'*          Current  and  quantity  of  2 
**          Electrostatic  unit 

charsre  or  quantity  of  1 

Quantity  of 2 

Electrochemical  action.  Amount 

of  substance 

liberated  by  .  .  6 

*'               decomposition  6 

**               equivalent  ....  6 

**                                    **  a 

....  D 

**               equivalents.  Cal- 
culation of .  .  .  6 
"                measurements    .  8 

'*                series 6 

Electrochemistry 6 

**               Chemistry  and  .  6 

Electrode  or  terminal.  Negative    .  2 

Positive  .  .  2 

*'         Size  of  an 6 

"         terminology 6 

Electnodes 6 

"          or  poles 2 

« 

Electrodynamics 1 

2 

Electrolysis 2 

Electrolyte 2 

**           for  bichromate  cells  .  7 

Electrolytes  « 6 

DetermininfiT  resist- 
ance of 9 

**           Resistance  of    ...  .  6 

M                                              <t                       ••  ^ 

....  O 

•  •                                              M                       »*  Q 

•          «          «          •  V 

Resistivity  of    ....  9 

Electrolytic  action  and  theory    .  .  6 

cell 6 

'*  dissociation.    Theory 

of 6 

Electromagnet 5 

*'             Horseshoe 6 

'*             Iron-clad 6 

PuUofan 6 

Electromaffnetlc  Induction    ....  5 

•  •  .  .  o 

"               measurements    .  8 

units 1 

'*               waves 6 

Electromacmetism 5 

Electromasmets,  Desisrn  of  ...  .  4 

Forms  of  ...  .  5 

Electromotive  force 7 


Pagt 
6 
68 
1 

47 
27 

18 

28 


29 
25 
29 
88 

29 

45 

85 

25 

1 

4 

4 

52 

86 

25 

7 

8 

1 

80 

4 

16 

25 

5 
42 
40 
8 
4 
25 
25 

27 
1 
2 
8 
4 
1 

26 

1 

6 

54 

10 

71 

1 

1 


43-^7 


XVIU 


INDEX 


■ 

.Sir. 

Pagt 

Blectromotlve  force 

7 

71 

•• 

force.     Determina- 

tion of 

6 

24 

«• 

force  due  to  chem- 

ical action .... 

2 

2 

•1 

force  of  iToaps  of 

cells 

2 

12 

«• 

force    of  polariza- 

tion     

6 

82 

M 

force  of  self-induc- 

tion     

5 

82 

M 

force  of  static  ma- 

chines   

2 

2 

M 

force  produced  by 
moving   a  con- 
ductor across  a 

macmetic  field .  . 

2 

14 

M 

force.  Production 

of  induced .... 

5 

26 

*t 

forces   in  primary 
and     secondary 
coils.    Relation 

between 

5 

41 

t* 

series 

2 

8 

•• 

•• 

6 

85 

Blectrophorus 1 

KIcctropoion  fluid 7 

Electroscope,  Gold-lcaf 1 

Electrostatic  capacity 3 


induction 

instruments 

unit  charsre  or  quan- 
tity of  electricity    . 
units 


Electrostatics  .  .  .  . 
«• 

Elemental  molecules 


1 
1 

1 
1 
1 
1 
6 
6 

Number  of.  6 

Elements.  Classes  of 6 

"  Electrochemical   series 

of , 6 

Voltaic 2 

Elimination  of  earth  currents  ...  9 
E.  M.  P.  from   heat   of  combina- 
tion, Calculation  of   .  .  6 
"    "    "    Measurement  of  higher  .  9 

"    *'    **    of  a  cell 6 

9 

** *  cells 10 

"    "    "   Polarization 6 

"    *'    "   Total  and  available  ...  2 

Rndothermic  compounds 6 

Enersries,    Relations   of   mechan- 
ical, electrical,  and  heat    ....  4 


18 
17 

9 
40 
44 
16 

9 

13 
6 
8 
7 
4 

12 
6 
6 

35 
4 

17 

52 
64 
60 
12 
23 
82 
51 
14 

8 


Pttgt 

Bnersry  of  a  magnetic  field    ....  4  68 

Equations,  Battery 6  60 

Chemical 6  15 

Equivalent,  Electrochemical   ...  6  0 

*'          of  heat.  Mechanical    .  4  8 

weisrhts 6  19 

Equivalents.  Calculation  of   elec- 
trochemical ....  6  29 

"            Electrochemical     .  .  6  88 

Era: l  5 

Ether 1  1 

Bwinsr  permeability  bridire   ....  10  56 

B wine's  hysteresis  meter 10  61 

Exciting:  fluid 6  41 

Exothermic  compounds 6  14 

External  circuit 2  11 

Extra  current 5  83 

F 

Fahrenheit  and  Centiffrjade  de- 
crees    8  89 

"  Rule  to  convert  Centi- 

arrade  to 9  6 

Fall  of  potential  through  a  com- 
plex circuit 2  51 

False  zero,  Balancinsr  to  a    ...  .  9  17 

Farad 8  51 

FasteninfiT  binding  posts  to  carbon 

electrode 7  84 

Field  around  a  wire.  Strength  of    .  4  54 

"      C.  G.  S.  unit 1  85 

"     density  in  lines  reduced   to 

ampere-turns 4  70 

"'*      Enersry  of  a  mairnetic  ....  4  5S 
**     Horizontal  component  of  the 

earth's 8  6 

"      Intensity  of  a  magrnetic  ...  1  84 

•*      Magnetic 1  29 

"     Uniform 1  85 

Flux.  Ma&rnetic 4  22 

Foot-pounds  and  joules.  Relation 

between 4  9 

Force,  Determination  of  electro- 
motive    5  24 

Direction  of  lines  of  ...  .  1  30 

Electromotive 2  1 

Masmetlc  lines  of 1  29 

Magmetizins: 4  27 

"       Magrnetomotive 4  49 

4  54 

"       of  self-induction.  Electro- 
motive    5  32 

Formation,  Heat  of 6  12 

Table  of  heats  of  ...  6  14 
Formula  for  calculation  of  ampere- 
hour  capacity    .  . 6  47 


INDEX 


XIX 


Pormnla  for  shunt  resistance  .  . 
Formulas  for  determining  resist- 
ance of  electrolytes 9 

Free  cbarire '.  .  .  .  1 

Fuller  ceU 7 

"    Standard 7 

Fundamental  units 1 

G 

Gain  plate '  8 

Galvanic  cell 2 


Sac.  Page 
8       87 


Galvanometer.  Ballistic 8 

Calibratins:  a  bal- 
listic          8 

Calibrationof  a 

tansrent 8 

Constant  of  the  .  . 

"  D'Arsonval  .... 

Deflection  of  the    . 

**  Lamp -and -scale 

arransrement  of . 

**  LfOn^-coil  method 

of  calibratins:  a  . 

"  Means  of  increas- 

Inar  the  ranse 

of  a 

Proper    

Reflecting 8 

Rowland  D'Arson- 
val       8 

Setting  up  a  tan- 

isent 8 

"  shunt.  Ordinary  .  .  8 

shunts 8 

"  Standard  con- 
denser method  of 
calibrating  a  bal- 
listic       8 

Tansrent 8 

"  Telescopc-and- 
scale  arrange- 
ment of 8 

Galvanometers 8 

Sensitiveness  of    .  8 

Thomson 8 

Gaseous  matter 6 

Gassner  cell 7 

Gaufire,  Birmlnfifham  copper-wire  .  3 

"       B.  &  S.  copper-wire  ....  8 

**        or  American     ...  3 

Spark 3 

Gausres,  Other  wire 3 

"        Standards  for  wire  ....  3 

Wire 8 


5 
17 
21 
22 

8 


47 
8 

35 
1 

27 

81 


8 

10 

8 

6 

8 

22 

8 

17 

8 

15 

8 

81 

8 

87 

9 

49 

8 

18 

25 

12 
39 
36 


38 

8 


14 
2 
85 
19 
1 
41 
36 
34 
28 
47 
SO 
31 
27 


See.  Pazt 

Gauss 1  85 

General  formula  for  the  calculation 

of  ampere-hour  capacity    ....  6  47 

Gold-leaf  electroscope 1  9 

Gondacell 7  36 

Gordon  cell 7  48 

Gott's  method   for  measuring 

capacity 9  60 

Gram 1  8 

Gravity  cells.  Oil  on 7  81 

Grenet  cell ■  7  16 

Grounded  circuit 2  11 

Groups  of  cells.  E.  M.  F.  of  .  .  .  .  2  12 

Grove  cell 7  10 

Guard  rinsr.  Price's 9  29 

H 

Half-deflection  method  of  deter- 

mininsT  internal  resistance  .  9  11 
*'     tansrent  method  of  determin- 

'    infiT  internal  resistance  ...  9  10 

Harrison  cell 7  60 

Hayden  cell 7  84 

Heat  from  chemical  action  ....  6  12 

"     of  combination 6  18 

**     '*  combination,    Calculation 

of  E.  M.  F.  from    ....  6  52 

"      ••  formation 6  12 

Mechanical  and  electrical 

enersrics  of 4  8 

"     Mechanical  equivalent  of  .  .  4  8 

Heatinfi:  effect  due  to  resistance    .  2  S2 

Heats  of  formation,  Table  of  .  .  .  6  14 

Hercules  cell 7  9 

Hertz's  experiments 5  52 

Hertzian  waves 5  54 

Hiffh    and    insulation    resistance. 

Measurement  of 9  18 

**       resistance   by   Wheatstone 

bridsre 8  67 

"       resistance.  Construction 

of  a 9  29 

resistance  measurement 

with  voltmeter 10  17 

Historical  sketch  of  primary  bat- 
teries    7  1 

H olden  permeability  brid&re  ....  10  59 
Horizontal  component  of   the 

earth's  field 8  6 

component  of  the 

earth's  masmetism  .  8  7 

Horsepower,  Electrical 4  16 

Horseshoe  electro  magnet 5  2 

Hot-wire  instruments 10  11 

Hydrochloric  acid 6  21 

Hydrogen  sulphide 9  21 


INDEX 


See.  Pug* 

Hydroxides 6  21 

Hypochloroas  acid 6  21 

Hysteresis 4  S8 

Determination  of  ...  10  50 
**          Determination   of.   by 

use  of  a  wattmeter    .  10  M 

meter.  Ewinsr's   ....  10  61 

I 

I.  B.  S.  obmmeter 9  80 

Incidence.  Ansrle  of 8  17 

Indestructibility  of  matter    ....  6  4 

Indicatinsr  wattmeters 10  ^ 

Indicators.  Speed   . 10  40 

Induced  currents 5  14 

currents.  Determinintr 

direction  of 6  23 

B.  M.  P..  Production  of .  .  6  26 
Inductance,  Alternati ngr-current 
method  of  measur- 
ing      0  68 

**  Mazwell-Rimineton 

method  of  measur- 

inar 0  56 

**          Measurement  of   ...  9  56 

Mutual 5  86 

'*          of  a  solenoid 6  80 

"  or  the   coefficient    of 

self-induction ....  5  28 

Induction  coll 5  44 

coils 6  37 

Blectromaffnetlc  ....  5  1 

....  o  Jn 

Electrostatic 1  16 

Masnetic 4  19 

Inductivity 1  25 

8  44 

of  dielectrics 8  42 

Instruments.  Commercial     ....  10  1 

Dead-beat 10  8 

Electrostatic    ....  1  9 

Hot-wire 10  11 

Insulated  conductors.  Preparation 

of  the  ends  of 9  27 

Insulatlnsr  materials.  Specific  re- 
sistance of 3  10 

Insulation.  Deflection  throush    .  .  9  21 

Necessity  for 9  13 

"  of  wire  for  electric- 
lififht  and  power  cir- 
cuits    9  18 

resistance 9  13 

resistance  by  leakasre 

method.  Measuring: .  9  37 
*'           resistance.  Calculation 

9< 9  2? 


Insulation  resistance.  Connec- 
tions for  direct-de- 
flection   method    of 

determininsr 9 

'*  resistance.    Direct-de- 

flection   method    of 

measurinsr 9 

**          resistance.  Measure- 
ment of  hiffh  and   . 
**          resistance  measure- 
ment with   a  volt- 
meter    10 

**  resistance  of  a  dyna- 

mo. Measurement  of   10 
**  resistance.  Tansrent- 

firalvanometer  meth- 
od of  measuring    .  .     9 
*'  resistance,  Wheatstone 

bridse   method  of 

measuring 9 

Insulator.  Petticoat 9 

Insulators  and  conductors    ....     1 
"         Puncture  test  of  ...  .     9 

Testinarof 9 

Intensity  of  a  field  at  a  distance 

from  a  pole    ...     1 

' masnetic  field  ...     1 

Interlockins:  switch 5 

Internal  circuit 2 

**       resistance 7 

"       resistance.    Condenser 

method  of  determining  .     9 
resistance.   Half-de flec- 
tion  method   of    deter- 
mining         9 

**       resistance.     Half-tan&rent 


Pti£e 


method  of  determinins: 
resistance  of  batteries  . 


International  standard  volt  ... 
Interpolation  method   of  measur- 
insr resistance 8 

Interrupter.  Independent  sprins:  5 

Inversion.  Thermoelectric    ....  2 

Ions 6 

"    Mifirrationof 6 

velocities  of .  ...  6 
Iron  and  steel,  Masrnetic  quality 

of     4 

'*    clad  electromafifnet 5 

"    Macmetic  properties  of  ...  .  4 


Jars.  Battery  of 1 

Joule 2 

Joule's  law 4 


ao 

19 
IS 

19 
22 

14 


16 
14 
14 
41 
40 

85 

34 
49 
11 
71 

12 


11 

10 
23 
10 
58 

67 
45 
28 
26 
38 
40 

80 

8 

19 


24 
83 

9 


INDEX 


XXI 


Sec.  Page 
Joules  and  British  thermal  units. 

Relation  between    ....  4  10 
"       and  foot-pounds.  Relation 

between 4  9 

K 

Keeper  or  armature 1  27 

Key.  Combination  cable-testine    .  9  81 

Kilovolt    . 2  16 

Kilowatt 4  7 

4  17 

hour 4  14 

Li 

Laclede  cell 7  9 

Lalande-Chaperon  cell 7  44 

Lamp-and-scale    arranflfement   of 

galvanometer 8  15 

Law.  Application  of  Ohm's  ....  2  41 

"      Avofiradro's 6  5 

"      Joule's 4  2 

"      Lens's 2  17 

**      of  definite  proportions     ...  6  7 

"  multiple  proportions  ...  6  7 

*'      "  the  masrnetic  circuit    ...  4  49 

"      Ohm's 2  86 

'*      open-circuit  cell 7  8 

**      proved  by  torsion  balance    .  1  12 
Laws  of  chemical  combination  .  .  6  4 
Leakage.  Calculating:  masrnetic  .  .  5  8 
"         Capacity,    and    absorp- 
tion      ,....  9  24 

Masnetic 5  6 

Leclanch^  cell 7  82 

cells 7  87 

Lenz's  law 2  17 

Line.  Neutral 1  28 

Lines  of  force.  Direction  of  ...  .  1  30 
in  a  solenoid.  Num- 
ber of    4  67 

Masrnetic 1  29 

Liquid  matter 6  1 

Liquids,  Specific  resistance  of    .  .  3  10 

Little  iriant  cell 7  9 

Local  action 2  7 

"       6  41 

Location  of  charge 1  24 

Lodestone 1  27 

Lonflf-coil  method  of  calibrating  a 

galvanometer 8  31 

Loss  plates 8  47 

Low  resistance.  Measurement  of .  9  1 

M 

Machines.  Static 1  26 

Magnesia 6  2 

Magnet,  Action  of  a  current  on  a  .  5  10 


Sec, 

Magnet  circuit 4 

Controlling 8 

field.    Motion   of  a  con- 
ductor in  a 6 

inducing  a  current  in  a 

coil 5 

Solenoid  acting  as  a  .  .  .  5 

Magnetic  circuit.  Closed 4 

"      Compound ....  4 


Law  of  the  .  .  . 
Principles  of  the 
Simple 


4 

5 
1 


6 

4 


4 

4 
4 

circuits 4 

compass 1 

density 4 

Unit  of   .....  4 

field 1 

**     Bnergy  of  a    .... 
**     around  a  solenoid  . 
"     Intensity  of  a    ... 
"     produced  by  a  cur- 
rent of  electricity 
fields  and  currents.  Re- 
action between  .... 

flux 

hysteresis 4 

induction 4 

leakage 5 

Calculating.  .  .  5 

lines  of  force 1 

"     per  unit  pole.  Num- 
ber of 4 

moment 1 

permeability 4 

properties  of  iron  ....  4 
properties  of  iron.  Deter- 
mination of 10 

quality  of  iron  and  steel  4 

saturation 4 

substances 1 

units 1 


Magnetism     1 

Axis  of 1 

Residual 4 

Magnetizing  force 4 

Magnetization  and  susceptibility. 

Intensity  of  .  .  .  4 

"       •       Curves  of 4 

Magnets.  Artificial 1 

Astatic 8 

Natural 1 

"        Permanent 1 


Page 
I 
9 

17 

14 
16 
20 
20 
GO 
49 
48 
20 
19 
28 
23 
23 
29 
53 
12 
34 

32 

10 
22 
39 
19 
6 
8 
29 

21 
34 
26 
19 

42 
80 
29 
29 
6 
34 
21 
57 
26 
28 
45 
27 

47 
82 
27 
18 
26 
27 


xxu 


INDEX 


Sec. 

Paxe 

Magnetomotive  force 

4 

49 

•<                 •• 

4 

54 

Mass 

6 
S 

Materials,  Resistance  o£  various  . 

Matter 

6 
6 
6 

Division  of 

Gaseous 

Indestructibility  of    .  .  .  . 

6 

••       Liquid 

6 

'•       Solid 

6 

Matthicssen's  standard 

8 

80 

Maximum  current 

7 

1 

09 

Maxwell 

85 

'*        Riminffton    method    of 

measurins:  inductance . 

9 

56 

Measure,  Circular 

S 

27 

Measurement  of  capacity.  Absolute 

9 

58 

"             *'  capacity  by  alter- 

natina:  currents 

9 

54 

"current   by   am- 

meter     

10 

12 

"hisrh  and  insula- 

tion resistance  . 

9 

13 

"  higher  E.M.F.'s. 

9 

84 

**             "  inductance  .... 

9 

55 

*             "  inductance.  Alter- 

natingf-current 

method  of   .  .  . 

9 

58 

•*  inductance.   Max- 

well-Riminffton 

method  of   .  .  . 

9 

58 

"  insulation    resist- 

ance  of   a  dy- 

namo      

10 

22 

"  low  resistance  .  . 

9 

1 

"potential 

8 

53 

"power 

10 

26 

"             "  resistance    .... 

8 

55 

"             "  resistance    .... 

9 

1 

"resistance    by 

potentiometer   . 

9 

64 

"             "  resistance  by  volt- 

meter and   am- 

meter      

10 

13 

"  resistance.  Ohm's 

law  method  of  . 

8 

55 

*     "             "  resistance.  Potcn- 

t  i  a  1  -  difference 

method  of  .  .  . 

8 

56 

Measurements  and  apparatus. Mis- 

cellaneous  .... 

9 

59 

"             Copper  voltameter 

• 

method  of  electro- 

chemical   

8 

45 

Electrical 

8 

1 

M                                                  •< 

9 

1 

Sec.  Pa£t 

Measurements.  Electrical 10         1 

Electrochemical    .     8       46 
Eiectromairnetic    .     8         I 
Precision  in  ...  .     8       09 
Siflmificant  fiirures 
in  readings,  calcu- 
lations,  and   re- 
sults in 8       70 

"  with  voltmeters 

and  ammeters    .   10       11 

Measuring  a  current 10       SO 

"  capacity.  Direct-deflec- 

tion method  for   ...     9       44 
"  capacity.Gott's  method 

for 9       50 

"  insulation  resistance  by 

leakasre  method  ...     9       87 
'*  insulation     resistance. 

Direct-deflection 

method  of 9       19 

**  insulation    resistance. 

T  a  n  If  e  n  t-ff  alvanom- 

eter  method  of  ...  .     9       14 

**  Insulation     resistance. 

Wheatstone  -bridge 

method  of 9       16 

••  power 10       81 

"  resistance,     Interpola- 

tion method  of  .  .  .     8       67 
"  resistance.  Precautions 

in 8       57 

the   difference    of 

potential  . 10       81 

"  transient  currents.  Use 

of  shunts  in 9       47 

Mechanical  and  physical  depolar^ 

ization 6       46 

"  electrical,  and   beat 

energies.  Relation 

of 4         8 

**  equivalent  of  heat    .  .     4         8 

**  mixtures  and  chemical 

compounds 6        S 

Meflfohm 2       86 

Metalloids 6        7 

Metals.  Calculation  of  ampere- 
hour  capacity  of    ....     6       47 

Reaistance  of 8        8 

Metathetical  reactions 6         4 

Meter  bridge 9         1 

Edison  chemical 10       89 

Ewinsf's  hysteresis 10       61 

"      gram 8        6 

Microfarad 3       51 

Microhm 2       86 

Microvolt,  A 2       16 


INDEX 


XXlll 


Ser. 

Mim'atlon  of  ions 6 

velocities  of  ions  ....  6 

Mil 3 

"    Circular 8 

••    foot 3 

Milliammeters 8 

Millivolt 2 

Millivoltmeters 8 

Minotto's  cell 7 

Miscellaneous  measurements  and 

apparatus 9' 

Modified  Anthony  bridsre       ....  8 

Molecular  weififht  of  a  compound  .  6 

Molecule 6 

Chemical  definition  of    .  6 

Molecules  and  atoms 6 

**          and    atoms.    Nomen- 
clature of  elemental .  6 
*'          Classification  of   ...  .  6 

"  Compound 6 

'*  Elemental 6 

6 

*'  Number  of  elemental    .  6 

Moment,  Ma&fnetlc 1 

Monovalent 6 

Motion  produced  by  a  current     .  .  2 

Multiple  or  parallel  connections  2 

series  connec- 
tions   ....  2 

"        proportions.  Law  of  .  .  .  6 

series.  Cells  in 8 

Multiples 3 

**         and  submultlples    ....  8 

Mutual  inductance     6 

N 

Nascent  state 6 

Natural  masrnets 1 

Nature  of  voltaic  action 6 

Netrative  chargfc 1 

"  terminal  or  electrode  .  .  2 

Neutral  line 1 

New  Excelsior  dry  cell 7 

Nomenclature  of   chemical   com- 
pounds      6 

"              of  elemental  mole- 
cules and  atoms  6 
Non-masmetic  substances.  Reluc- 
tance of 4 

North  pole 1 

Nunfresser  dry  cell 7 

O 

Ohm 2 

'*     Values  of  the 2 

Ohm's  law 2 


Pare 
88 
40 
27 
27 
6 
54 
15 
55 
27 

59 

64 

11 

1 

4 

4 

5 
4 

4 
4 

12 
5 
84 
16 
18 
12 

12 
7 

24 
8 
8 

85 


12 
26 
87 
8 
4 
28 
42 


20 


52 
28 
41 


83 
34 

86 


Sec.  Pare 
Ohm's  Law,  Application  of  ....  2  41 
"       method  of   measure- 
ment of  resistance  .  8  55 

Ohmmeter,  I.  E.  S 9  80 

Principle  of  the  slide- 
wire  9  78 

Ohmmeters 9  78 

Oil  on  srravity  cells 7  81 

Open-circuit  cells       7  4 

Tests  on    ....  7  74 

Opened  or  broken  circuits 2  10 

Ordinates 4  88 

Oscillatory-current  waves 5  50 

Oxidation 6  18 

P 

Parallax 10  5 

ParaUel.  Cells  in 8  24 

"     joined  in 2  18 

**        Condensers  in 8  64 

"        or  divided  circuits  ....  8  16 
"        "  multiple  connections   .  2  12 
"        "         "       series  connec- 
tions ....  2  12 
series.  Cells  joined  in    .  .  2  18 

Paramasmetism 4  48 

Partzcell 7  28 

Percentasre  conductivity 8  8 

Perchloric  acid 6  21 

Permanent  masrnets 1  27 

"          polarization 6  84 

Permeability  bridsre 10  56 

"       Ewinsr  ....  10  56 

Holden     ...  10  59 

Magnetic 4  26 

Permeameter       10  51 

used  by  Westinsr- 

house  Company    .  10  58 

Petticoat  insulator 9  14 

Physical  depolarization.  Mechan- 
ical and 6  45 

properties  of  a  body    .  .  6  1 

Pile,  Volta's 7  2 

"     Voltaic 2  10 

Piles.  Thermoelectric 2  25 

Plate.  Gain 8  47 

Plates 8  47 

"      Loss 8  47 

"      Preparation  of 8  48 

Plunsre  batteries 7  17 

Posrsrendorff^s  battery 7  18 

Pohl  commutator 8  48 

Polarization 7  72 

and  depolarization  .  .  6  44 

E.  M.  F.  of  ......  6  82 

Permanent 6  84 


XXIV 


INDEX 


Sec. 

Pole,  North 1 

•'     Strength  of 1 

Poles 1 

Consequent 1 

or  electrodes 2 

Portable  direct-readins:  wattmeters  10 

testinff  set,  Acme    ....  9 

••       sets 9 

Positive  charsrc 1 

"        terminal  or  electrode  ...  2 

Potential 1 

and  current 2 

C.  G.  S.  unit  of  difference 

of     2 

Difference  of ,  2 

"        difference    method    of 

measuring:  resistance   .  8 

Drop  of 2 

**        Measurement  of  .  .  .  8 
Measuring  the  difference 

of 10 

Potentiometer 9 

Calibration  of   am- 
meter by 9 

Calibration  of  volt- 
meter by 9 

**             Measurinsr  resist- 
ance by 9 

Power  and  work,  Electric 4 

"       Electric 4 

Measuring 10 

10 

Practical  connections  for  direct-de- 
flection method  of  de- 
termining Insulation 

resistance 9 

units 1 

Precautions  in  measurinsf  resist- 
ance      8 

*'    using: conductivity 

bridges 9 

Precision  in  measurements   ....  8 

Preparation  of  plates 8 

**           of   the  ends  of   insu- 
lated conductors   .  .  9 

Price's  guard  ring 9 

Primary  and  secondary  actions  .   .  6 

'*          "    storage  cells 6 

'*        batteries 7 

Application  of   .  7 
Historical 

sketch  of  .   .   .  7 

cell 6 

"          "    Properties  of  a  good  .  7 

**        cells,  Classification  of  .  .  7 


Pa£e 
28 
34 
28 
32 

7 

35 
72 
71 

8 

4 
13 

1 

39 

8 

56 
46 
63 

SL 
69 

69 

65 

64 

1 

4 

26 
31 


30 
6 

67 

9 
69 
48 

27 
29 
26 
36 
1 
60 

1 
85 
1 
5 
3 


5^. 

Primary  products 7 

Principle   of  the   slide-wire  ohm- 
meter    9 

Principles  of  the  magnetic  circuit  .  4 

•'  chemistry 6 

Products,  Primary 6 

"         Secondary 6 

Properties  of  a  good  primary  cell .  7 

Proportions.  Law  of  definite     .  .  6 

••     "  multiple  ...  6 

Pull  of  an  electromagnet 5 

Puncture  test  of  insulators    ....  9 

Pyrometer.  Thermoelectric  ....  2 

Q 

Quaternary  compounds  .  .      :  .  .  6 

Quantity  and  current  of  electricity  2 

of  elecrricity 2 

or  unit   charge  of   elec- 
tricity. Electrostatic .  .  1 

B 

Radicals 6 

Range  of  a  galvanometer.  Means 

of  increasing  the  ...  8 

"        "  ammeter.  Increase  of    .  10 
"        "  current  -  measuring  in- 

•^       strument 8 

**  voltmeter.  Increase  of   .  10 

Rate  of  depolarization 6 

Ratio.  Bridge 9 

Reaction   between   currents    and 

magnetic  fields 6 

Reactions.  Analytical 6 

Metathetical 6 

Synthetical 6 

Reading  of  resistance 8 

Recording  wattmeters 10 

Reduction 6 

of  voltage  in  secotfdary 

coils 6 

Reflecting  galvanometer 8 

Reflection.  Angle  of 8 

Reluctance 4 

"           of  compound  circuit  4 
**           "  non-magnetic    sub- 
stances    4 

Resistance 2 

8 

"          and    capacity,    Elec- 
trical    8 

"          and  sizes  of  wire    ...  3 
"            "    volume.    Relation 

between 8 

"  by  leakage   method. 

Measuring  insulation  9 


27 

78 

48 

1 

27 

27 

5 

7 

7 

4 

41 

25 


20 
27 
28 

13 


23 

87 

7 

11 

9 

46 

76 

10 
4 
4 

4 
64 
96 
18 

40 
13 
17 
50 
60 

52 

S2 

1 

1 
27 

5 

87 


INDEX 


zxv 


Sec. 

Pajre 

Resistance  by  potentiometer. 

Measurement  of  .  .  . 

9 

64 

•• 

Calculation   of   insula- 

tion     

9 

22 

«i 

C.  G.  S.  unit  of    .... 

2 

S9 

•* 

«*    1*   ••     •«     •• 

•      «      •      « 

2 

38 

t* 

coils.  Form   of  stand- 

ard  

9 

2 

tt 

Compensatins: 

S 

87 

«* 

Condenser  method   of 

determininflf   internal 

9 

12 

(t 

Construction  of  a  hififli 

9 

29 

(t 

Dii'ect-deflection 
method  of  measuring 

insulation 

9 

19 

■  4 

Effect   of  length   and 

sectional  area  on    .  . 

3 

10 

1< 

Electrical 

1 

15 

•  • 

Formula  for  shunt    .  . 

S 

87 

*• 

Half-defiection  method 
of  determininsr  inter^ 

nal 

9 

11 

•  « 

•  ■ 

•  I 


•  • 
*< 

•  I 

<« 

•  4 
t. 

•  t 


•  ( 

•  4 
*• 

•  4 
44 


Half-tansrent  method  of 

determininir  internal .  9       10 
Heating:  effect  due  to 

the 2 

Internal 7 

Insulation 9 

MeasurinsT 8 

Measuring: 9 

MeasurinsT,  by  volt- 
meter and  ammeter .  10 
Measurinfif  hisrh  and  in- 
sulation     9 

Measuring:  low     ....  9 
measurement  with  volt- 
mcter  and  known  re- 
sistance     10 

of  alloys 3 

batteries.  Internal    .  9 

"          .  3 

branches   8 

circuits 3 

conductors 3 

electrolytes 6 

electrolytes 6 

electrolytes 9 

electrolytes.    Deter- 
mining:      9 

insulating:  materials  3 

liquids 3 

metals 8 

solids 3 

various  materials  8 

Reading:  of 8 

Specific 3 


32 
71 
13 
55 
1 

13 

13 
1 


17 

4 

10 

23 

20 

16 

5 

40 

42 

3 

5 
10 
10 
8 
9 
1 

64 
2 


Sec.  Paze 
Resistance.  Tang:ent-g:alvanome- 
ter  method  of  meas- 
uring: insulation    .   .  9  14 
"            Variation  of.  with  di- 
ameter    3  13 

Variation  of.  with 

lengrth 3  10 

**  Variation  of,  with  sec- 
tional area 8  12 

••  Wheatstone-bridgre 
method  of  measur- 
ing: insulation    ...  9  16 

ResisHvity 8  2 

of  electrolytes 9  4 

Residual  absorption 3  58 

charg:e 1  24 

8  58 

"         mag:nettsm 4  45 

Reversing:  switch 8  43 

Rowland  D'Arsonval  g:alvanome- 

ter 8  25 

Rule,  Bolt-and-nut 1  83 

"      for  calculating:  the  constant  9  21 
"        "    calculation  of  insulation 

resistance 9  24 

Screwdriver 1  83 

"      to   convert  Centig:rade  to 

Fahrenheit 9  6 

'*      to  convert   Fahrenheit  to 

Centigrade    ........  9  6 

"      to  determine  the  direction  of 

induced  currents 5  23 

"      to  find  quantity  of  water  de- 
composed  by  an  electric 

current 2  31 

"      to  find    the  streng:th  of  an 

electric  current 2  30 

Ryan  spiral-coil  voltameter  ....  8  47 

9 

Salt,  Nature  of 6  14 

Salts 6  22 

"     acids,  and  bases 6  14 

••     Commercial 7  39 

**     Creeping:  of 7  80 

Saturation.  Mag:netic 4  29 

Screwdriver  rule 1 .  83 

Second 1  8 

Secondary  products 6  27 

"  coils.  Reduction   of 

voltag:e  in 5  40 

units 1  4 

Sectional  area.  Variation  of  resist- 
ance with 3  12 

Self-induction 5  27 

E.  M.  F.  of 5  82 


XXVI 


INDEX 


Sec. 

Sensitiveness  of  galvanometers    .  8 

Series,  Cells  in     3 

••     ••  multiple 8 

"     joined  in 2 

circuits 8 

Condensers  in 8 

Electrochemical 6 

Electromotive 2 

Scttinff  np  a  tangent  flfalvanom- 

eter 8 

Shunt 2 

"     Ammeter 10 

"      Aryton.  or  universal  ....  8 

*'      Ordinary  sralvanometer    .  .  8 

"      resistance.  Formula  for   .  .  8 

Shunts,  Galvanometer 8 

"       in  measurinsr  transient  cur- 
rents, Use  of 9 

Siemens  dynamometer 10 

Si&rnificant  fififures  in  readings,  cal- 
culations, and  results  in  measure- 
ments      8 

Silver-chloride  cells 7 

"      voltameter 8 

Sinsrie-fluid  cells 7 

••               »•             ••  m 

Size  of  an  electrode 6 

Sizes  and  resistance  of  wires  ...  3 

"      of  wire 3 

SHde-wire  bridge 9 

Copper   blocks 

for 9 

"        *'     ohmmetcr.  Principle  of 

the 9 

Smee  cell 7 

Solenoid  actinfr  as  a  masrnet    ...  5 

"         Inductance  of  a 6 

"         Masmetic  field  around  a  .  5 
*'         Number  of  lines  of  force 

in 4 

Solid  matter 6 

Solids,  Specific  resistance  of   .  .  .  3 

Solution.  Copper-sulphate 8 

Spark  srauRre 3 

Specific  resistance     3 

of  insulating: 

materials  .  3 

'•  liquids    ...  8 

"  solids  ....  3 

Speed  indicators 10 

Spiral-coil  voltameter.  Ryan    ...  8 

Spring:  interrupter.  Independent  6 

Square  centimeter 1 

Stable  compounds     6 

Standard  cells 7 


Pare 
35 
24 
24 
12 
16 
54 
85 
8 

12 

11 

4 

40 
89 
87 
86 

47 
29 


70 
52 
51 

3 
20 
52 
27 
27 

1 

1 

78 
6 
15 
30 
12 

67 

1 

9 

48 

47 

2 

10 
10 

9 
40 
47 
45 

4 
11 

4 
58 


Sec.  Page 


Standard  condenser   method   of 
calibrating:  a  ballistic 

sralvanometer 8 

Daniellcell 7 

Fuller  cell 7 

Matthicssen's 8 

resistance  coils.  Form  of  9 

volt.  International    ...  8 

Standards  for  wire  g:aug:es    ....  8 

Static  char8:es 1 


machines 1 


2 
4 


E.  M.  F.  of  .  .  .  . 
Steel  and  iron.  Mafi:nctic  quality  of 
Storag:e  batteries,  Active  materials 

of 6 

ceU 6 

cells.  Primary  and   ....     6 
Strength.  Dielectric 8 


•* 


of  air.  Dielectric    ....  8 
"  an  electric  current. 

Rule  to  find 2 

•*  pole 1 

Submultiples 3 

and  multiples  ....  8 
Snsceptiblity  and   mairnetisatlon. 

Intensity  of 4 

Switch,  Interlocking: 5 

Reversing: 8 

Symbols,  Chemical 6 

Synthetical  reactions 6 

T 

Table  of  analogies  between  the 
flow  of  water  and  elec- 
tricity         2 

•*  Centi^ade  and   Fahren- 
heit deg:rees 8 

"       "  common  acids  and  bases     6 
**       **  compounds   used   fre- 
quently in  battery  work     6 
"  conductors    and   insula- 
tors          1 

"  copper  wire  Birming:ham 

grange 3 

*'       "  copper  wire   B.   &  S. 

g:aug:c 3 

"  dielectric  strength  ....     8 

'*  electric  series 1 

"  electrical  units 5 

'*  electrochemical    equiv- 
alents         6 

"       "  electrochemical  series  of 

elements 6 

"  electromotive  series  ...     2 


S3 
58 
22 
SO 

2 
63 
81 

8 

7 
26 

2 

ao 

64 
36 
85 
48 
48 
46 

80 
84 

9 
8 

47 
49 
48 

7 
4 


47 

89 
16 

28 

15 

36 

84 

48 

9 

68 

83 

85 
8 


INDEX 


zxvu 


•• 


Ssc 

1  able  of  heats  of  formation     ...     6 
inductioD-coii  data    ...     5 

inductivity 8 

masrnetic  quality  of  iron 

and  steel 4 

magnetic  units 5 

Matthiessen's  standard  .     3 
mifirration   velocities    o  f 

ions 6 

multiples 3 

names,  symbols,  and 
atomic  weights  of  ele- 
ments         6 

relations   between   units 

of  work 4 

resistance  of  alloys   ...     3 
electrolytes     6 
"  metals  ...     3 
specific  resistance  of 

liquids 3 

specific  resistance  of 

solids 3 

standards  for  wire  ffauKcs     3 

submultiplcs 3 

temperature   coefficients 

for  copper  wire  ....  3 
values  of  the  ohm  ....  2 
volts  required  to  prodnce 

a  spark 3 

**  watts  lost 4 

Tachometers.  Forms  of 10 

Taking:  the  constant 9 

Tanfifent  sralvanometer       8 

"        galvanometer.  Calibra- 
tion of  a 8 

sralvanometer  constant   .     8 
sralvanometer    method 
of  measurins:  insulation 

resistance 9 

aralvanometer.  Scttinsr  up 

a 8 

Telescope-and-scale  arrangement 

of  galvanometer 8 

Temperature  coefficient 3 

coefficients   for 

copper  wire  .... 

scales.     Conversion 

of 

Terminal  or  electrode,  Nesrative    . 

Positive  .  . 

Terminolofiry.  Electrode 6 

Ternary  compounds 6 

Test  of  insulators.  Puncture    ...     9 

Testinsr  cells 7 

"        of  insulators 9 

set,  Acme  portable  ....     9 


14 
44 
44 

80 
67 
82 

40 
8 


8 

16 
4 

42 
3 

10 

9 

31 

9 

38 
34 

46 

42 
41 
20 

8 

10 
6 


14 

12 

14 
83 


3       88 


9 
2 
2 


6 
4 
4 

36 
20 
41 
71 
40 
72 


Sec. 

Testing:  sets.  Portable 9 

Tests  on  closed-circuit  cells     ...  7 

"  open-circuit  cells    ....  7 

Theory,  Atomic 6 

"        of  action  in  a  cell 2 

"         '*  electrolytic  dissocia- 
tion       6 

Thermal  unit.  British 4 

Thermoelectric    currents    and 

thermoelectro- 

motive  forces    .  2 

"  currents.  Use  of .  2 

"  diagram 2 

'*  Inversion    ....  2 

piles 2 

**  pyrometer ....  2 

Therm  oelectromotive  forces   and 

thermoelectric  currents 2 

Thomson  gralvanometers 8 

Torsion  balance 1 

Total  and  available  B.  M.  P.    .  .   .  2 
Transient  currents.  Use  of  shunts 

in  measuring: 9 

Trolley  currents.  Detection  of    .  .  9 

True  zero.  Balancing:  to  a 9 

Two-fluid  cells 7 


scale,  or  double,  voltmeters  .    10 


U 

Uniform  field 

Unit,  British  thermal 

*'     change   or  quantity  of  elec- 
tricity. Electrostatic  .... 

"     current,  C.  G.  S 

"     field,  C.G.S 

of  current,  C.  G.  S 

difference  of  potential. 

C.G.S 

"  masrnetic  density 

"  resistance,  C.  G.  S 


••      •• 


••      it 


pole.   Number  of  mag:netlc 
lines  per 


Un 


ts 


Absolute  . 
Electrical 


Blectromag:netic 
Electrostatic 
Fundamental    . 
Mag:netic  .... 


1 
4 

1 
2 
1 
2 

2 
4 

2 
2 

4 
1 
6 
1 
1 
6 
1 
1 
1 
1 
1 
4 
5 


Pajte 
71 
76 

74 
9 
5 

27 
8 


19 
24 
22 
23 
25 
25 

19 
19 
11 
51 

47 
34 
17 
8 
21 
10 


85 

8 

13 
18 
35 
89 

39 
23 
S3 
39 

21 

3 

56 

6 

6 

58 

6 

6 

3 

6 

34 

21 

57 


XXVIU 


INDEX 


Sec.  Pare 

Units  of  capacity S  50 

"     "  work.  Relations  between  .  4  15 

••    Practical     1  B 

Secondary 1  4 

Universal,  or  Ayrton,  shunt ....  8  40 

Use  of  dynamometer 10  90 

"     "  shunts  in  measurinflT  tran- 
sient currents 9  47 

V 

Valence 6  16 

Values  of  the  ohm 2  34 

Variation  of  resistance  with  diam- 
eter   8  IB 

"  resistance  with  lenffth  3  10 
"          "  resistance   with   sec- 
tional area  .  .      .  .  8  12 
Velocities  of  ions,  Migration    ...  6  40 

Volt 2  16 

"    and  ammeter  method  of  de- 
term  ininsr  E.  M.  F.  of  cells  .  10  24 

"    coulomb 4  4 

"    International  standard  ....  8  58 
"    required  to  produce  a  spark   .  3  46 
Voltage  in  secondary  coil.  Reduc- 
tion of 5  40 

Voltaic  action  illustrated 6  38 

Nature  of 6  37 

battery 2  7 

7  1 

**       cell 2  8 

*•      6  35 

"       cells 7  1 

**    Current   in   a   circuit 

containins: 3  25 

couple 2  4 

elements 2  4 

**       pile 2  10 

Volta's  pile 7  2 

Voltameter 6  29 

Voltameters 8  46 

Voltmeter  and  ammeter.  Measure- 
ment of  resistance  by  10  13 
"          and  known  resistance, 
Resistance   measure- 
ment with 10  17 

**  Calibration     of     a.    by 

Franklin's  method  9  67 
Calibration  of,  by  poten- 
tiometer      9  65 

Cardew 10  10 

Carhart's  method   of 

calibration  of    ....  9  68 
for  larsre  currents    ...  8  47 
Higfh-resistance    meas- 
urement with    ....  10  17 


mJlCCm 

Voltmeter.  Increase  of  ranare  of  .  .  10 
Insulation-resistance 

measurement  with  .  .  10 

Ryan  splral-coll  ....  8 

Silver 8 

Weston 10 

**  Wheatstone's  method 
of  comparinsr  B.  M. 
P.'s  of  cells  by  use 

of  a r  ...  10 

Voltmeters    10 

*'          and  ammeters     ....  10 
**          and  ammeters.  Meas- 
urements with  ....  10 

Calibration  of 9 

**          Connections  of    ...  .  8 

'*          Double  or  two-scale  .  .  10 
Volume  and  resistance,  Relation 

between 3 

W 

Water  and  electricity,  Analosry  be- 
tween the  flow  of 2 

**     decomposed  by  an  electric 

current.  Quantity  of   .  .  .  2 

Watt-hour  efficiency 6 

"    hours 4 

Wattmeter,  Determination  of  hys- 
teresis by  use  of  a   .  10 
'*          Weston  compensated  10 

Wattmeters 10 

Indicating 10 

"  Portable    dlrect-read- 

Inar 10 

Recordintr 10 

Watts  lost 4 

Waves,  Electric 6 

Electromasmetlc 5 

Hertzian 5 

"       Oscillatory  current ....  5 
throug'h    dielectric    medi- 
ums    5 

Weisrht  of  a  compound,  Molecular  6 

Weigrhts,  Atomic 6 

Equivalent 6 

Weston  cadmium  cell 7 

"       compensated  wattmeter  .  10 

"       direct-current  ammeter   .  10 

voltmeter 10 

Wheatstone  bridgre 8 

bridflre,    Hieh  resist- 
ance by 8 

"  bridjire    method    of 

measurins:  Insula- 

tion  resistance  ...  9 


19 

47 

51 

8 


8 
1 

11 
65 
49 
10 


47 

81 
49 
73 
13 

59 
86 
83 

86 

35 
86 
42 
50 
54 
54 
50 

52 

11 

9 

19 

57 

86 

5 

8 

58 

67 


16 


INDEX 


XXIX 


Sec.  Page 
Wheatstone's  method  of  compar- 
ing B.  M.  P.'s  of  cells  by  use  of 
a  voltmeter 10 


W 


28 

re.  Copper 3  80 

Birminsrham  sraasre  8  86 

B.  &  S.  gauffe    ...  3  34 

*  Sratiffes 8  27 

Other 8  30 

Standards  for    ...  8  '81 

*  Sises  and  resistance  of  .  .  .  3  27 
Sizes  of 8  27 


Sec.  Page 
Wire.  Temperature  coefficients  for 

copper 3  88 

Work  and  power.  Electric 4  1 

"      Relations  between  units  of  .  4  15 

Z 

Zero,  Balancing  to  a  false     ....  9  17 

true 9  17 

Zinc-ammonium     chloride-carbon 

cell 7  7 

"    for  anode,  Suitability  of  ...  6  58 


I 


